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Mycobacterium ulcerans is an acid-fast bacillus that is the causative agent of Buruli 
ulcer, a necrotizing skin disease. The transmission route for M. ulcerans is unknown, but many 
insects have been posited as part of the web, including Belostomatids, Naucorids, and Culicids. 
Aedes albopictus was selected for use in a set of experiments where the first-generation larvae 
were inoculated with M. ulcerans, and mosquitoes were reared throughout the third generation to 
interrogate presence and quantity of the bacteria. Using qPCR, second and third generations 
displayed positivity (22% and 5.6% respectively). 16S V4 sequencing was used to obtain 
microbiota for all life stages as well as environmental samples, and many relationships between 
generations, life stages, and treatments displayed statistical significance in alpha diversity, beta 
diversity, and relative abundance of microbiomes. This study opens multiple avenues of further 
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INTRODUCTION AND LITERATURE REVIEW 
1.1 Classifications and General Biology of Aedes albopictus  
Mosquitoes are phylogenetically placed within the Kingdom Animalia, the Phylum 
Arthropoda, the Class Insecta, and the Order Diptera. All insects within the order Diptera have 
two functional wings, and many have small wings called halteres that assist in controlling body 
position and head movement (Pringle, 1948). Mosquitoes have several distinguishing factors 
about them, the first of which is a forward-projecting proboscis used for blood feeding. The 
proboscis of the female is more prominent than males, as males only feed on nectar, while 
females take blood meals. The second distinguishing factor is the many scales on most of the 
body of the mosquito. The last distinguishing factor is a small fringe on the posterior side of the 
usable wings (Service & Service, 2012). All mosquitoes fall within the family Culicidae, which 
is divided into three subfamilies: Toxorhynchitinae, Anophelinae, and Culicinae. Mosquitoes are 
relatively ubiquitous in many climates, as long as there is moisture present. The medically 
relevant genera are Culex, Aedes, Anopheles, Psorophora, and Mansonia. Each individual 
species has its own arboviruses and agents of disease that it potentially carries and transmits 
(Service & Service, 2012). In many insects, identifying the sex is important in breeding 
practices. Mosquitoes can be easily sexed by the antennae and proboscis seen in Figures 1.1, 1.2, 





Figure 1.1 Female mosquito 
A female Aedes albopictus mosquito 
 
Figure 1.2 Male mosquito 





Figure 1.3 Female and male mosquitoes 
The female mosquito is on the left with the more extended proboscis and no feathery antennae. 
The male mosquito is on the right with a less prominent proboscis and feathery antennae.  
 
For proper rearing of mosquitoes, animal blood is vital. Anautogenous mosquitoes cannot 
reproduce without a blood meal. For many years, either feeding mosquitoes on a researcher’s 
arm or using sedated live animals were the routine ways to blood feed mosquitoes. There are 
many disadvantages to these methods including not being able to feed infected mosquitoes on a 
human volunteer, compliance with IACUC protocols, ethics concerning animal welfare, and the 
expense of utilizing live vertebrates. The attractiveness of isolated blood is clear to see, in that 
many issues with live vertebrate feedings are non-issues with isolated blood (Gonzales & 
Hansen, 2016). Isolated blood can be used in different ways, namely the artificial membrane 
method and a sausage casing method. Blood substitutes and artificial diets have been in 
formulation for years. Sterile defibrinated sheep blood was selected for this experiment.  
Mosquitoes with feathery antennae and a less prominent proboscis are males, and those 
with less feathery antennae and a more prominent proboscis are females, as seen in Figures 1.1, 
1.2, and 1.3. Females need the prominent proboscis for blood feeding (Service & Service, 2012). 
After females take a blood meal, the eggs will develop further, and the female will lay the eggs 
in a suitable habitat. The eggs will hatch when they are flooded with water and begin the cycle to 
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larvae and then molt to pupae. Larvae feed on algae, plankton, and other microorganisms 
(Journal of the American Mosquito Control Association, 2016), so it is plausible that they will 
feed on M. ulcerans, particularly if hatched from an M. ulcerans contaminated environment. 
1.2 Literature Review 
1.2.1 Neglected Tropical Diseases 
Neglected tropical diseases (NTDs) are a group of diseases that vary in nature, but 
typically affect populations of countries in tropical and subtropical climates. Neglected Tropical 
Diseases include many transmission routes and presentations of disease, including those spread 
by droplets such as Hansen’s disease (Leprosy), those spread by arthropod vectors such as 
Dengue or Chikungunya, and even diseases without a known transmission route such as Buruli 
ulcer (World Health Organization, n.d.-c). Currently, NTDs affect over one billion people per 
year, costing governmental entities significant funds (World Health Organization, n.d.-c). For 
those NTDs whose transmission routes are known, control may be brought about by a variety of 
methods, with the main issue of control efforts being an absence of adequate resources and 
funds. Some NTDs are harder to control because they have an environmental component to the 
life cycle of the disease, and it is nearly impossible to eliminate every potential environmental 
reservoir. 
1.2.2 Environmental Pathogens 
“Environmental pathogens are… microorganisms that normally spend a substantial part 
of their lifecycle outside human hosts, but when introduced to humans cause disease with 
measurable frequency,” (Cangelosi et al., 2005). A pathogen is a microorganism, such as a 
bacterium, virus, or protozoan that can cause some level of disease. Environmental pathogens 
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can be transmitted by a variety of ways through specific contact with environmental reservoirs, 
some of which will be discussed below. 
1.2.2.1 Diseases Surrounding Water 
Diseases caused by pathogens that obligately spend most of their life cycle in water are 
called water-based diseases (Gerba, 2015). Pathogens that cause some waterborne diseases 
include Legionella. Other diseases that involve water include those that are water-washed, 
waterborne, and water-related, and diseases that fit into those categories are Trachoma, Cholera, 
and Yellow Fever, respectively (Gerba, 2015). 
1.2.2.2 Environmentally Transmitted Bacteria 
Vibrio cholerae is known primarily for causing the London Cholera epidemic in the 
1850s but can still be a significant pathogen at present day due to a lack of infrastructure in 
developing countries (Hamlin, 2009). Cholera causes symptoms such as “rice-water” diarrhea, 
but diarrhea can cause dehydration and shock, which can then descend into death (Centers for 
Disease Control and Prevention, 2020). Campylobacter spp. usually present with symptoms such 
as diarrhea, fever, and abdominal cramping. A large issue with Campylobacter is that it can 
cause post-infection complications such as irritable bowel syndrome (Centers for Disease 
Control and Prevention, 2019). Listeria monocytogenes can affect both female humans and 
animals, where it has caused spontaneous abortions and still births. The consumption of 
contaminated meat or meat products is typically the cause of disease in humans (Centers for 
Disease Control and Prevention, 2016), and multiple virulence factors and risk factors can cause 
a more serious disease manifestation. 
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1.2.2.3 Environmentally Transmitted Protozoa 
Giardia lamblia and Cryptosporidium parvum both form cysts and oocysts, and 
Cryptosporidium can survive water disinfection practices common to wastewater treatment 
plants (Centers for Disease Control and Prevention, 2015; Zahedi & Ryan, 2020). Both 
eukaryotic organisms are capable of causing diarrhea. Giardia lamblia is usually found in soil, 
water, or food contaminated previously by infected hosts or their feces (Centers for Disease 
Control and Prevention, 2015). One factor that makes Cryptosporidium spp. harder to deal with 
is that the organism produces oocysts shed by hosts, and the oocysts are typically resistant to 
chlorine levels used in wastewater treatment plants (Zahedi & Ryan, 2020). Entamoeba 
histolytica usually infects humans, and the chief presentation is typically bloody diarrhea. There 
are two sizes of cyst produced and the larger cyst has been shown to cause disease (Haque, 
Huston, Hughes, Houpt, & Petri, 2003). Toxoplasma gondii is acquired via bradyzoite or oocyst 
contact, which are present in infected undercooked meat and cat feces, respectively (Ashburn, 
1992). 
1.2.2.4 Environmentally Transmitted Viruses 
There are many environmentally transmitted viruses that target a variety of the body 
systems in humans, but only those that affect the respiratory system in humans will be discussed 
here, including coronaviruses, influenza virus, respiratory syncytial virus, and adenoviruses. A 
coronavirus is the causative agent of sudden acute respiratory syndrome (SARS), which is hosted 
by bats (Machhi et al., 2020). It causes fever, coughing, and diarrhea, among other symptoms. 
Influenza virus can present as a high fever, sore throat, nasal congestion, cough, and muscle pain 
(CDC, 2020). Influenza epidemics typically occur yearly, and a different influenza virus is the 
agent of the epidemic each year due to antigenic drift (Abente et al., 2016). Respiratory syncytial 
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virus is in the family Paramyxoviridae and causes bronchitis and pneumonia in infants, as well as 
lower respiratory infections (Davis, Dulbecco, & Eisen, 1990). 
Only a handful of environmental pathogens also happen to be neglected tropical diseases, 
and for most of that subsector of NTDs, the transmission route is at least relatively known. 
Buruli ulcer, whose etiological agent is Mycobacterium ulcerans, is a NTD whose transmission 
route is largely unknown. 
1.2.3 Introduction – Mycobacteria 
Members of the phylum Actinobacteria in the genus Mycobacterium are commonly 
referred to as Mycobacteria, most of which are environmental pathogens and rod-shaped 
bacteria. Mycobacteria are in the class Actinobacteria, along with bacteria in the families 
Nocardiaceae, Corynebacteriaceae, and Godoniaceae (Scooch, 2020). Multiple Mycobacteria can 
cause human disease, such as M. tuberculosis, M. leprae, and M. ulcerans, which cause 
respiratory issues (World Heath Organization, n.d.), discolored skin patches and numbness 
(World Health Organization, 2019), and necrotizing skin lesions (World Health Organization, 
n.d.), respectively. A lipid substance called mycolic acid sets the Mycobacteria apart from most 
other bacteria. Because of these long-chain fatty acids, they are refractory to most staining 
methods and require the acid-fast stain procedure to be visualized with light microscopy. 
Mycobacteria are soil and water dwelling bacteria (Hruska & Kaevska, 2013) that are recalcitrant 
to disinfectants, and require specific disinfectants targeting them to be used in the laboratory 
setting, such as Vesphene Ilse (Steris). Additionally, they are significant contributors to human 




1.2.3.1 Introduction – M. ulcerans  
Mycobacterium ulcerans is within the same genus as other mycolactone producing 
mycobacteria that have a common M. marinum progenitor (Doig et al., 2012). Mycolactone is a 
cytotoxic lipid macrolide that is the primary virulence determinant leading to Buruli ulcer 
pathology (Adusumilli et al., 2005). Classical strains of M. marinum as well as those that 
produce mycolactone are also capable of causing disease in humans, normally present as skin 
infections (Doig et al., 2012; Linell & Norden, 1954). M. ulcerans is the causative agent of 
Buruli ulcer, a necrotizing skin disease that can cause severe morbidity and social stigma to those 
impacted. Buruli ulcer can be treated successfully and outcomes are better with early diagnosis. 
Currently, the World Health Organization recommends rifampicin (10 mg/kg per body weight) 
daily and clarithromycin (7.5 mg/kg per body weight) twice daily for at least eight weeks. 
Advanced lesions also require surgical excision and skin grafting in extreme cases of disease 
progression (World Health Organization, 2012). This specific disease has a high incidence near 
slow moving and stagnant waters (Williamson et al., 2008; World Health Organization, 2008). 
Additionally, many of the risk factors are related to living near water, as most of the currently 
postulated transmission mechanisms involves a body of water (Yotsu et al., 2018). 
1.2.3.2 Location – Buruli Ulcer 
A variety of countries have reported cases of Buruli ulcer, including some in Africa, 




Figure 1.4 Distribution of Buruli ulcer worldwide as of 2018 (WHO, 2019)  
 
Out of 33 countries having reported cases of Buruli ulcer, 14 often report data to the 
World Health Organization. Beginning in 2010, the number of suspected cases started decreasing 
from ~5,000 in 2010 to ~2,000 in 2016; however, between 2016 and 2018, reported cases 
increased to 2,713. In Africa, most cases are reported from Central and West Africa, specifically 
in Benin, Ghana, and Cote d’Ivoire (World Health Organization, n.d.-b). In addition to many 
African countries, Australia has reported cases of Buruli ulcer. The places of highest risk in 
Australia occur in areas with low elevations combined with forested land cover, which is similar 
to areas analyzed in West Africa. These external environmental conditions can make 
transmission of M. ulcerans more or less favorable (van Ravensway et al., 2012) 
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1.2.3.3 Buruli Ulcer Presentation  
 Buruli ulcer is a painless necrotizing skin disease that presents with signs such as 
papules, nodules, plaques, edema, and ulcers (Figures 1.5-1.8), all with features specific to 
Buruli ulcer such as ulcers with undermining edges and thickening/darkening of skin around the 
lesion.  
  
Figure 1.5 Photographs of two nodules/papules (World Health Organization, 2012) 
These nodules/papules are on people in an endemic area of Buruli ulcer disease in West Africa. 





Figure 1.6 Photographs display a small ulcer (left) and a large ulcer (right) (World Health 
Organization, 2012) 
This small ulcer and the large ulcer are on people with Buruli ulcer in an endemic area of West 
Africa. Ulcers are considered one of the later stages of Buruli ulcer disease  
 
  
Figure 1.7 Joint contracture due to Buruli ulcer (World Health Organization, n.d.-a) 
Joint contracture is one of the most advanced stages of Buruli ulcer disease. Advanced Buruli 




Figure 1.8 Osteomyelitis is another advanced stage of Buruli ulcer (World Health 
Organization, n.d.-a) 
Osteomyelitis is primarily seen in West Africa, in endemic areas of Buruli ulcer.  
 
In endemic areas, experienced and trained health professionals can make a reliable 
diagnosis based on clinical presentation of a typical painless ulcer with undermined edges; 
however, the WHO recommends two reference laboratory tests for case confirmation that can 
include polymerase chain reaction (PCR) targeting IS2404, direct microscopy, histopathology or 
culture, each with their own limitations (Bolz & Ruf, 2019; de Souza et al., 2012; World Health 
Organization, 2014; Yeboah-Manu et al., 2018). For instance, PCR is the gold standard for 
diagnosis but is difficult to achieve in many endemic areas due to a lack of resources and 
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facilities to perform the molecular work. This is one reason that the true burden of disease is 
believed to be higher than current reported cases dictate.  
1.2.3.4 Risk Factors for Buruli Ulcer 
One of the most consistent risk factors for Buruli ulcer is living or working near water. A 
case-control study in areas of Togo found that many risk factors are associated with bodies of 
water and produce an increased risk of acquiring Buruli ulcer including crossing or swimming in 
a river, being cut or scratched near a river, and being bitten by insects near a river (Maman et al., 
2018). An additional study from Australia showed that frequently using insect repellant, wearing 
long pants outside, and washing skin wounds were all associated with lower BU risk. 
Additionally, the odds of contracting Buruli ulcer were increased in those cases of patients who 
recalled being bitten by mosquitoes on the lower extremities (Quek et al., 2007). Risk factors 
could be subject to recall bias simply because the subjects were being asked about the specific 
risk factor, but nevertheless, these studies provide important insights into potential risk for more 
targeted investigation. 
1.2.3.5 A Major Virulence Factor for M. ulcerans  
Mycolactone is an immunosuppressive polyketide derived macrolide that is cytotoxic to 
many human cells and is the principal virulence factor of M. ulcerans (Hong, Demangel, Pidot, 
Leadlay, & Stinear, 2008). Mycolactone is the primary agent leading to lesions characteristic of 
Buruli ulcer, and typically induces analgesia surrounding the lesion (Marion et al., 2016). Enoyl 
reductase (ER) and ketoreductase (KR) are enzymes used in mycolactone synthesis, and many 
studies use primers targeting genes encoding these enzymes to detect M. ulcerans in 
environmental samples (A Narh, 2014). Mycolactone producing mycobacteria all display 
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positivity for these genes, so more specific genotyping markers are needed to further distinguish 
individual members of that group from each other. These alternative genotyping markers include 
targeting a number of variable number tandem repeats (VNTR) within these strain genomes 
(Hilty et al., 2006; Tano et al., 2017; Williamson et al., 2008, 2012). 
1.2.3.6 Transmission of M. ulcerans  
The transmission route of Buruli ulcer has eluded researchers and practitioners for many 
years. Several hypotheses have been put forth including aerosols (Hayman, 1991), contact of 
open wounds with M. ulcerans contaminated sources (Williamson et al., 2014), cuts from 
contaminated vegetation (van der Werf et al., 1999), animal hosts (Fyfe et al., 2010), and insect 
vectors (Garchitorena et al., 2014; Williamson et al., 2008). In 2014, an experiment was 
conducted where hairless Hartley guinea pigs received an abrasion on the back, and 104 or 108 
CFU/mL M. ulcerans suspended in 200 µL media was dropped onto the open wound 
(Williamson et al., 2014). An additional number of guinea pigs were given intradermal injection 
of 106 CFU/mL M. ulcerans. After 90 days, all M. ulcerans guinea pigs were sacrificed, 
documented in detail, and dissected. The animals having received intradermal injection of M. 
ulcerans showed multiple signs of infection including lesions at the infection site, evidence of 
necrosis, and “bacon fat” appearance once dissected. In contrast, the animals that were abraded 
and had bacteria dropped in the wound had no signs of infection, no histological presence of 
bacteria, and no acid-fast bacteria in the wound/body. Because the injection of M. ulcerans 
produced necrotic lesions characteristic of Buruli ulcer and the abraded/bacteria dropped onto the 
wound did not produce any signs of Buruli ulcer, this study confirmed that injection is needed 
for infection. This study also showed that passive inoculation through an open wound (abrasion) 
is not sufficient to cause infection with M. ulcerans and a presentation of Buruli ulcer 
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(Williamson et al., 2012, 2014). These results help support the hypotheses where skin puncture is 
the mechanism of transmission. 
1.2.3.7 Mycobacteria in Insects 
A variety of field studies and lab experiments have been conducted in an attempt to 
gauge the viability of insects as biological and/or mechanical vectors of M. ulcerans.  One field 
study in Ghana was conducted where 22,832 individual invertebrates were systematically 
collected from both nonendemic and endemic sites with a Buruli ulcer case within 3 years, or 
sites lacking any Buruli ulcer cases within 3 years. From this work, 80 invertebrate taxa were 
found in Buruli ulcer endemic sites, and 71 invertebrate taxa found in nonendemic sites. 
Invertebrate taxa were found to be highly variable in this study, and insects were the greatest 
percentage of animals collected. Nonendemic sites had 40% fewer insects found than Buruli 
ulcer endemic sites, and Chironomidae (midges) held the largest percentage of the communities 
found. Pools of invertebrates (1,032) were tested for M. ulcerans with no pattern of ER positivity 
among sites or taxa. Twenty-six taxa from BU endemic sites were ER positive, while 18 taxa 
from nonendemic sites were ER positive. Many have suggested biting water bugs (hemipterans) 
as a vector of M. ulcerans, yet these hemipterans did not have the highest or even consistently 
higher ER positivity compared with the more abundant taxa in each field site. This field study 
was among the first of its kind investigating positivity rates for invertebrate taxa and suggests 
that hemipterans do not directly cause M. ulcerans infection (Benbow et al., 2008).  
A laboratory experiment involving artificial aquaria mimicking aquatic habitats 
tentatively showed that Naucoris cimicoides infected with M. ulcerans can transmit bacteria to 
laboratory mice via biting. Additionally, bacteria can reside and multiply in the insect’s salivary 
glands without causing visible harm to the insect; however, one limitation of this study is that the 
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insects were starved for 1 week prior to being fed one grub inoculated via needle with M. 
ulcerans, and then the insects were starved again before being allowed to bite the tail of a female 
mouse. The primary limitation with starving the insects prior to giving them the opportunity to 
feed is that they would more likely eat something that is not their natural or preferred diet, which 
makes the findings (the insects feeding on infected grubs and the female mouse tail) less 
impactful. Seven of ten mice bitten by the insects fed infected grubs did develop a lesion at the 
site of the bite with cultures and PCR positive for M. ulcerans. An additional finding of this 
paper came out of collecting naucorids from a Buruli ulcer endemic region of Ivory Coast, with 
the salivary glands of 5 of 80 naucorids being PCR positive (nested PCR of IS2404) for M. 
ulcerans (Marsollier et al., 2002).  
1.2.3.8 M. ulcerans in Mosquitoes 
Currently, laboratory studies have suggested that M. ulcerans is maintained in the larval 
stage of many mosquito species, but that the bacteria do not establish within the pupal stage or to 
adulthood. An Australian field study was performed in which 41,797 pooled adult mosquitoes 
were collected from multiple sites surrounding the Bellarine Peninsula in Australia. Though the 
most common species caught was Aedes camptorhynchus (91% of total), mosquitoes in the 
genus Anopheles had the highest rate of M. ulcerans positivity at 10.80 per 1,000, while Culex 
was the genus with the lowest positivity at 1.02 per 1,000. Additionally, a positive correlation 
was found between average incidence of Buruli ulcer and the proportion per 1,000 of M. 
ulcerans mosquitoes within one site. Methods of transmission were discussed, including 
mosquitoes breeding around possum feces or taking blood from a diseased possum carcass, but 
these were mostly suggestions and reasoning for findings in the field (Lavender et al., 2011).  
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Since mycolactone is the primary virulence factor of M. ulcerans, it follows that 
mycolactone could be involved in Buruli ulcer transmission mechanisms. It has been found that 
mosquitoes have a developed olfaction system, and that olfaction contributes significantly to host 
seeking behaviors (Takken & Knols, 1999). Additionally, it has been previously observed that 
mosquito decision-making and behavior can be altered by bacterial communication and/or 
bacterial quorum sensing (Ponnusamy et al., 2010; Verhulst et al., 2010). To investigate the role 
of mycolactone on mosquito decision-making and potential interkingdom interactions between 
mosquitoes and M. ulcerans, a study was conducted where mosquitoes were allowed to feed on 
either an artificial membrane blood meal with an ethanol-soaked 4-pleated gauze piece (solvent 
control), or an artificial blood meal with a mycolactone-soaked 4-pleated gauze piece. This was 
done with a high (1.0 m/mL), intermediate (0.5 mg/mL), and low dose (0.05 mg/mL) 
mycolactone-soaked gauze piece. The mosquitoes in this experiment were attracted to the high 
dose mycolactone treatment feeder, more so than the other doses (via log odds ratios), suggesting 
a dose response relationship (Sanders et al., 2017). This study is an example of how mosquitoes 
may interact with bacteria or bacterial products, and that there are likely more trophic 
interactions in this disease system than previously thought. In an additional field study, 7,218 
adult and larval mosquitoes were sampled from both endemic and nonendemic areas of Benin 
and were tested for presence of insertion sequence IS2404, IS2606, and KR using qPCR. M. 
ulcerans was not confirmed in any field-collected larvae or adult samples. This study suggested 
the low likelihood of mosquitoes to vertically transmit M. ulcerans to offspring, and the low 
possibility of mosquitoes serving as biological vectors in Buruli ulcer transmission does not rule 
out their role as mechanical vectors (Zogo et al., 2015). Since there is a low likelihood that 
mosquitoes act as biological vectors, additional studies have suggested that mosquitoes do not 
 
18 
act as biological vectors at all, but that M. ulcerans can be maintained in a food web consisting 
of primary, secondary, and tertiary consumers (Wallace et al., 2010). In a 2019 study in Buruli 
ulcer endemic areas of Australia, 16,900 mosquitoes and 296 March flies were captured with 
seven of 845 mosquito pools being positive upon screening with IS2404 PCR target. When three 
PCR targets used for M. ulcerans were used for screening (IS2404, IS2606, KR domain of 
mycolactone polyketide synthase gene), one pool of mosquitoes was positive for all three 
indicators of M. ulcerans, which was Verrallina sp. collected from February of 2017. The genera 
of positive samples were Verrallina, Coquillettidia, and Mansonia. No March flies were positive 
for M. ulcerans DNA (Singh, McBride, Govan, Pearson, & Ritchie, 2019). These data may also 
suggest regional or species-specific determinants associated with M. ulcerans transmission.  
1.2.4 Distinctions Between Transmission  
One of the principal issues with determining if an insect is a part of M. ulcerans 
transmission is the stark difference in biological transmission and mechanical transmission, both 
of which could be possible at this point in the discovery process. Widely facilitated by 
arthropods, biological transmission involves an agent, a vector, and a vertebrate. Biological 
transmission involves the pathogen being ingested by the arthropod vector, where the pathogen 
multiplies and then matures to a stage where it is infective to a host (Lacarin & Reed, 2004). On 
the other hand, mechanical transmission is “the transfer of pathogens from an infected host or 
contaminated substrate to a susceptible host,” (Foil & Gorham, 2000). Mechanical vectors carry 
pathogens on their external body parts, such as the mouthparts or tarsi (Lacarin & Reed, 2004). 
Unlike biological association, mechanical transmission does not require a direct biological 
association between the vector and the pathogen, and is common in diseases associated with 
Musca domestica, the common house fly. This species of fly has the ability to mechanically 
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transmit diseases such as yaws (Higley, Karr, & Pedigo, 1989), salmonellosis (Greenberg, 
Kowalski, & Klowden, 1970), and shigellosis (Cohen et al., 1991). 
And indeed, one study has shown evidence of M. ulcerans mechanical transmission. In 
this laboratory experiment, mice tails were dipped into liquid cultures of M. ulcerans (Wallace et 
al., 2017). Mosquitoes, either Aedes notoscriptus or A. aegypti, were allowed to bite the M. 
ulcerans covered tails. Additionally, twelve mice were punctured on the tail with sterile needles 
after having their tails dipped in M. ulcerans. Two of the twelve mice (17%) with M. ulcerans 
coated tails fed on by A. notoscriptus developed disease, while no mice fed on by A. aegypti 
developed disease. Most (88%) of the mice punctured with sterile needle after contaminating the 
skin became diseased. This study holds that puncture has to occur for disease to follow, and that 
A. notoscriptus could mechanically transmit M. ulcerans (Wallace et al., 2017) 
1.2.5 Caveats of Studies and Manuscripts 
One of the largest caveats to many insect vector studies, including those of belostomatids, 
culicids, and naucorids, is that M. ulcerans DNA is the target for detection in field studies. 
Although it has been said before and will be said again, DNA of a microbe does not imply that 
the insect serves as a vector or can competently spread that microbe to hosts. Another caveat for 
vector competence is that many vector competence studies use differing methodologies. There is 
currently no standard that researchers have agreed upon to determine whether an insect or animal 
is a competent vector for an agent of disease. Some studies feature injection of an agent or gene 
into the eggs of the insect, while others are done with a bloodmeal infection, and others still are 
done with inoculation of the immature habitat such as water. An additional limitation with insect 
studies could come from trapping the insects, which applies to any field study where insects are 
collected. Thought standardization is the goal, no method of collection is perfect in the field, as 
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conditions are imperfect. Specific to mosquitoes, traps used to catch mosquitoes typically have a 
set of genera or type of mosquito (either gravid or searching for blood/mate) for which they are 
more efficient at trapping than others, so may limit certain genera/type that may otherwise be 
prominent in the environment. A rather large caveat is that human studies simply cannot be done. 
It would be unethical to subject humans to biting with insects that could possibly be infected 
with a pathogen, no matter how high or low the likelihood that the insect is a competent vector.   
1.3 Aedes albopictus Habitat and Potential Overlap with M. ulcerans  
Aedes albopictus is a species of mosquito, which like other mosquitoes, prefers moist 
habitats for speedy development and adult survival (Clements, 1992). It is an aggressive biter 
(Benedict, Levine, Hawley, & Lounibos, 2007), and an invasive vector that establishes in 
populations quickly. A. albopictus, dubbed the Asian tiger mosquito due to its tarsal stripes, was 
likely imported into the United States in 1986 from Japan via tires, which is an incredibly easy 
and common way that this mosquito (and others in its genus) moves great distances (Hawley et 
al., 1987). Its detection in Africa, along with its demonstration as a highly efficient experimental 
laboratory vector of a large number of arboviruses is alarming. This species typically bites in the 
daytime and breeds in artificial containers and tree holes (Surtees, 1970; Usinger, 1944). 
Furthermore, larvae live in the water, typically hanging upside down at an angle from the water 
surface, where they use spiracles, situated at the end of a respiratory siphon, to breathe oxygen 
from above the water line (Clements, 1992).  
 Because A. albopictus is accustomed to breeding in discarded tires and artificial 
containers (Ferede et al., 2018), it could successfully survive in specific geographic areas where 
these containers are commonplace. Additionally, there is evidence that when A. albopictus was 
introduced into the United States, it overtook the populations of A. aegypti (Figure 1.5) (Moraru 
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& Goddard, 2019). Because A. albopictus was not introduced into Africa until relatively recently 
(Gratz, 2004), there is a possibility that this species is continuing to establish in geographic 
regions that were previously dominated by A. aegypti (Figure 1.9) (Kraemer et al., 2015). It has 
also been shown that A. aegypti has a preference for areas around humans/urban environments, 
whereas A. albopictus prefers periurban and rural environments. Though A. albopictus has 
generally adjusted to a container lifestyle close to human settlements, it can still be found among 
dense vegetation and in marshlands (Braks, Honório, Lourenço-De-Oliveira, Juliano, & 
Lounibos, 2003; Chan, Ho, & Chan, 1971; Christophers, 1960). Further, studies have shown that 
when both species are present in a location, only one species can be dominant at any given time, 
giving evidence for interspecies competition, as well as the two mosquitoes having unique 
preferences (Braks et al., 2003; Duncombe et al., 2013; Tsuda, Suwonkerd, Chawprom, 
Prajakwong, & Takagi, 2006).  




Figure 1.9 Predicted reaches of A. aegypti (top) and A. albopictus (bottom) in 2050 (Kraemer 
et al., 2019) 
 
A. aegypti did not mechanically transmit M. ulcerans in a laboratory study; however, A. 
notoscriptus, another Aedine species prevalent in Australia and New Guinea (Peterson & 
Campbell, 2015), was able to mechanically transmit M. ulcerans, leading to Buruli ulcer 
pathology (Wallace et al., 2017). The finding by Wallace et al. (2017) that A. aegypti did not 
mechanically transmit M. ulcerans, but that A. notoscriptus did, is interesting. Low infection rate 
and small sample sizes notwithstanding, this study suggests that mosquito species, along with 
environmental and ecological conditions, may impact vectorial capacity, and underscores the 
importance of analyzing multiple species present in relevant geographical areas. For instance, the 
study conducted by Wallace et al. (2017) was conducted with A. notoscriptus and A. aegypti that 
are prevalent and were wild caught in Australia. Given that A. albopictus reproduce in similar 
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habitats as where M. ulcerans has been detected in West Africa (Williamson et al., 2012), an 
assessment of interactions between A. albopictus and M. ulcerans interactions is merited and the 
objective of this study. Furthermore, we allowed A. albopictus eggs to hatch from M. ulcerans 
contaminated water, mimicking a more natural environment. Finally, we determined whether 
mosquito microbiomes impacted M. ulcerans presence or abundance, which has been shown to 
influence pathogen colonization and vector competence in other mosquito-borne disease systems 
(Dennison et al., 2014). 
1.4 Study Aims and Hypotheses  
The hypothesis of this study is that A. albopictus will harbor a quantifiable amount of M. 
ulcerans. It is likely that A. albopictus larvae and pupae will maintain the bacteria on the external 
surface of the body. Adult A. albopictus have the potential to harbor the bacteria and be a public 
health risk because they can puncture the skin surface of vertebrates. As discussed in 1.1, M. 
ulcerans can only be transmitted in animal models via puncture wound, which is a reason that 
mosquitoes have been considered for a portion of the transmission web of Buruli ulcer. The main 
goal of the proposed study is to determine whether A. albopictus can or cannot harbor M. 
ulcerans infection in a detectable quantity once hatching and emerging from an M. ulcerans 
contaminated environment and through successive generations. A secondary goal is to examine 
the effects of M. ulcerans contamination on mosquito microbiomes in order to determine 
whether M. ulcerans impacts mosquito microbiomes, or whether microbiome impacts M. 
ulcerans colonization. In the case of this set of experiments, the null hypothesis (H0) was that 
only the first generation of A. albopictus larvae will have any quantifiable amount of M. 
ulcerans. The alternative hypothesis (H1) for this experimentation is that more than just the first 
generation of A. albopictus larvae will have any quantifiable amount of M. ulcerans. The 
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microbiome has not previously been categorized in an experiment similar enough to this one to 
have a null hypothesis for that portion of the project, but the alternative hypothesis for this would 
be that the microbiome will be significantly different between the infected and uninfected control 





2.1 Mycobacterium ulcerans Growth 
Mycobacterium ulcerans (M. ulcerans) is an acid-fast bacillus in the order 
Corynebacteriales. Typical laboratory conditions for the growth of M. ulcerans utilize a special 
bacterial media to grow successfully called Middlebrook 7H9 broth (Dubos & Middlebrook, 
1947) or Middlebrook 7H10 agar (Middlebrook & Cohn, 1958) supplemented with a nutritional 
combination of oleic albumin dextrose catalase (OADC) or Lowenstein-Johnson media. M. 
ulcerans typically grows best around 29˚C. 
M. ulcerans strain JKD8083, also known as M. ulcerans-GFP (Tobias et al., 2009) with 
green fluorescence protein (GFP) associated with mycolactone production was cultured at 30˚C 
in M7H9 broth supplemented with OADC and kanamycin (50 mg/µL), as well as M7H10 agar 
supplemented with OADC and kanamycin (50 mg/µL). M. ulcerans was grown for 6-8 weeks to 
mid-log growth phase for use in the experiments discussed below.  
2.2 Arthropod Biocontainment Guidelines and Precautions Observed  
M. ulcerans is a Biosafety Level 2 pathogen and appropriate safety measures included in 
Biosafety in Microbiological and Biomedical Laboratories (Wilson & Chosewood, 2007)were 
followed. Additional guidelines for arthropod containment were taken from the American 
Society for Tropical Medicine and Hygiene’s publication on the subject (“Arthropod 
Containment Guidelines, Version 3.2,” 2019). Aedes albopictus is considered an Arthropod 
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Containment Level 1 organism in normal insect rearing operations but was treated as an 
Arthropod Containment Level 2 organism since the organisms were interacting with a BSL-2 
agent associated with human disease. Arthropods were located in a dedicated room well out of 
the flow of normal traffic, in a room with completely white walls and light-colored floors to 
enhance detection of escaped arthropods. Appropriate BSL-2 biohazard signs were utilized on 
the exterior door and the anteroom door. While working in the insectary, researchers wore 
appropriately sized protective suits (3M) and single-use nitrile gloves (Fisherbrand). Insect diets 
were sealed and stored in separate areas from the arthropods. Cages used to hold arthropods were 
non-breakable and screened with mesh correctly sized to prevent escape. Multiple bug zappers 
were maintained in the insectary space at all times.  Prior to decontamination, cages were left at 
4˚C for twenty-four hours. At this point, any dead arthropods were collected with forceps, 
gathered in 50mL conical tubes (Fisherbrand), and stored at -20˚C. After use, all containers and 
cages that came into contact with biohazardous material were treated with Vesphene and Dawn 
dishwashing liquid for twenty-four hours. Infected rearing water was autoclaved on liquid cycle 
for 60 minutes. BugDorms and immature rearing containers were labeled with species, strain, 
date of collection, and researcher responsible. Escaped arthropods were located and killed with 
70% ethanol. An appropriate medical surveillance program was in place, and access to the 
insectary was key-access and authorized person restricted.  
2.3 Aedes albopictus Colony Establishment and Maintenance 
Rearing and experimental procedures were completed according to approved IBC 016-
015 protocol. The following reagent was obtained through BEI Resources, NIAID, NIH: Aedes 
albopictus, Strain Gainesville, MRA-804, contributed by Sandra A. Allan. Aedes albopictus (A. 
albopictus) mosquitoes are in the Class Insecta, Order Diptera, and the family Culicidae. 
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Mosquitoes have a semi-standard set of rearing methods, and those methods were used in this 
experiment with modifications discussed below (Navy Entomology Center for Excellence).  
Most insectaries are typically kept around 27˚C with a RH of 70% and above (Imam et 
al., 2014; Kauffman et al., 2017). The facilities utilized for these trials were kept between 28-
29˚C with humidities ranging from 15-50%. To hatch A. albopictus eggs, egg papers were placed 
into a small dish and deoxygenated with 200mL of DI water using a laboratory house vacuum for 
2 hours. Following this, the egg paper and water were poured into a plastic container (Hefty, 
16.7in W x 12in D x 6.6in H) with ~1600mL DI water inside. A pinch of ground larval food was 
added and added daily thereafter.  Pupae were manually picked with a 3mL plastic transfer 
pipette (Fisher Scientific) and transferred into a 100mL glass beaker inside of a BugDorm. Adult 
mosquitoes were allowed to emerge in the BugDorm, and when emerged, were provided with 3 
cotton balls soaked in 10% sugar solution on top of each cage for nutrition and changed every 
day to prevent microbial overgrowth. The cotton balls were covered with a plastic weighing dish 





Figure 2.1 BugDorm 
BugDorm with mosquitoes has a 100mL glass beaker inside with pupae, and cotton balls on top 
soaked in 10% sugar solution, covered in a plastic weighing dish.  
 
The mosquitoes emerged and were aged at least five days prior to blood feeding utilizing 
an artificial membrane system (Gunathilaka et al., 2017). This is commonly used in mosquito 
rearing when live animals are not available or are not preferable for the experiment (Gonzales & 
Hansen, 2016). The artificial membrane is a piece of glass with a small tube in the middle and 
two tubes attached to the top, which form a sealed portion where water circulates around the tube 
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and blood is deposited into the tube (Figure 2.2). The Hemotek membrane feeding method was 
utilized in this protocol, which entails stretching a piece of Parafilm-M across the bottom of the 
Hemotek membrane feeder (Gunathilaka et al., 2017) 
 
Figure 2.2 The artificial membrane apparatus  
The artificial membrane blood feeding apparatus used to feed mosquitoes during experiments 
(ChemGlass). The membrane portion is typically Parafilm. All photo credits property of 
ChemGlass, figure from: https://chemglass.com/mosquito-feeders-large-50mm-diameter-
feeding-area-membrane-style-glass 
 
Prior to feeding, mosquitoes were starved for at least seven hours (Damiens et al., 2013). 
The attached hot water bath was equilibrated to 37˚C, tubing was attached to the ports in the 
membrane feeder and the other ends were placed into a water pump and the reservoir of the hot 
water bath. Sterile defibrinated sheep blood was placed at room temperature one hour prior to 




Figure 2.3 Blood feeding apparatus.  
The entire blood feeding apparatus including glass piece and water bath. Container on the left is 
a heated water bath with a 50mL conical tube with sterile defibrinated sheep blood inside. The 
BugDorm on the right has the membrane feeder on top, with 37˚C DI water circulating outside of 
the blood chamber. 
 
Feeding was consistently initiated at 6:45pm, 1 hour and 15 minutes before insectary 
lights turned off in the 12:12 light dark cycle. A thin layer of Parafilm was stretched around the 
bottom of the feeder, and the defibrinated sheep’s blood was deposited into the reservoir (Figure 
2.4). Mosquitoes were allowed to feed for 45 minutes or until most of the female mosquitoes 











Figure 2.5 Different sizes of mosquitoes based on sex and blood fed status. 
The mosquito labeled with a yellow 1 is a female mosquito that has taken a blood meal. 
Mosquito 2 is a male mosquito. Mosquito 3 is an unfed female mosquito. 
 
After feeding, cotton balls with 10% sugar water were placed on the top of cages to allow 
feeding ad libitum. Additionally, a plastic container (11.45cm in diameter, 7.62cm in height) 
with germination paper partially covered in water was placed into the BugDorm 24 hours after 
feeding (Kauffman et al., 2017). Mosquitoes were allowed to lay eggs over the next 2-3 days, 
and the germination paper with eggs was removed and used in the next round of rearing.  
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2.4  Rearing Aedes albopictus and Experimental Design 
For this project, four experimentation trials were conducted, with identical methods used 
for each trial. Eggs were deoxygenated in small dishes with 200mL of DI water placed inside a 
desiccation apparatus. Prior to starting each trial, the culture that was intended to be used to 
inoculate the water was assessed for viability utilizing GFP microscopy. Each time, the samples 
were viable and showed GFP fluorescence. Additionally, M. ulcerans was placed under 
deoxygenation conditions and further tested for viability. After deoxygenation, egg papers and 
the 200mL of DI water were placed into plastic bins (Hefty, 16.7in W x 12in D x 6.6in H) 
containing 1400mL DI water, either with 1.6mL of M. ulcerans 106-107 CFU/mL or with no 
additions (as the control/normal). Prior to inoculation of M. ulcerans into the DI water, M. 
ulcerans was passaged through a series of syringes (BD) and needle sizes (18 ½ G, 20 ½ G, 25 ½ 
G, 27 ½ G) to break up bacterial aggregations. After syringe passage, the inoculum was added 
into the water to be the experimental group. Twenty-four hours after inoculation of DI water with 
M. ulcerans and egg additions, one pinch of ground up fish food (TetraMin Tropical Flakes) was 
added for feeding to control and treatment containers, and again ad libitum. After this 
inoculation, the sample protocol in 2.3 was followed.  
Mosquitoes were reared with a consistent 12-hour light: 12-hour dark cycle. The 
temperature of the insectary was kept between 27˚C and 30˚C, with a humidity between 15% and 
50%. Exact measurements of daily temperature and humidity are listed in Appendix B.  
It should be noted that only the first generation of eggs were placed into the inoculum of 
M. ulcerans, and subsequent generations were not exposed to an inoculum and were reared in 




2.4 Sample Gathering 
Mosquito samples were gathered at each life stage: larval, pupal, and adult. Three 
specimens (larval, pupal, or adult) were removed from the rearing bin or BugDorm at each 
sampling time to be used for each of the following: DNA extraction (N=3), RNA extraction 
(N=3), Modified Petroff method and plating (N=3), and GFP and TB stain/light microscopy 
(N=3). In addition to the 3 samples collected for the purpose of the Modified Petroff method and 
plating on agar, 2 samples were taken from the control rearing container/BugDorm and smeared 
in an M. ulcerans slurry for use as M. ulcerans matrix positive controls. Additionally, three 
samples were collected from only the larval stage and adult stage to obtain the salivary gland and 
midgut microbiome DNA after surface-sterilizing with 10% bleach (Clorox).  
During the course of the experiment, it became evident that gathering more samples and 
different types of samples could give more information and yield different types of information. 
Multiple “environmental” samples were gathered throughout the experiment, including water 
from the immature (larval and pupal) containers, swabs from the sides of the immature 
containers, and exuviae (larval sheddings). These samples were gathered for most of the 
experiment, half being stored for later use and half being used in DNA extraction. Due to the 
inherently low amount of material collected for these three sample types, many of these samples 
will not be included in statistical analyses or microbiome sequencing because of a low DNA 
yield or lack of 16S V4 amplification using PCR.  
Larval samples were taken by using a plastic transfer pipette to remove samples from the 
plastic rearing container, where they were then placed into labeled 1.5mL microcentrifuge tubes. 
Pupal samples were taken in the same method as larval samples. To obtain adult samples, an 
InsectaVac Aspirator (BioQuip) was used to take adults from the BugDorms, and adults were 
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carefully transferred into labeled 15mL conical tubes. For use in fluorescent and light 
microscopy, Modified Petroff method and plating, and bleaching, samples were processed and 
utilized directly after a 5-minute freeze. For use in DNA extraction and storage for future RNA 
extraction, samples were frozen in tubes with ethanol until use and frozen in tubes alone, 
respectively. All samples obtained for DNA extraction were tallied (Table 2.1, 2.2).  
Table 2.1 Samples collected according to trial, life stage, and treatment.  
 Eggs Larvae Pupae Adult TOTAL 
Con MU Con MU Con MU Con MU Con MU 
Trial A 1 1 3 3 3 3 12 10 19 17 
Trial B 0 1 4 4 3 3 2 9 9 17 
Trial C 0 0 18 18 9 9 27 27 54 54 
Trial D 0 0 18 18 9 9 27 28 54 55 
TOTAL 1 2 43 43 24 24 68 74 136 143 
Total numbers of mosquito samples collected throughout the experimental stage according to life 
stage (eggs, larvae, pupae, adult), trial (A, B, C, D) and treatment (control or MU). 
Table 2.2 Samples collected according to life stage and treatment.  
 Larvae Pupae Adults Environment Eggs TOTAL 
Control  43 24 68 23 1 159 
MU 43 24 74 24 2 167 
TOTAL 86 48 142 47 3 326 
Total numbers of samples collected throughout the experimental stage according to life stage 
(larvae, pupae, adults, environment, eggs) and treatment (control or MU). 
To consolidate sample names, an abbreviated form of names will be used to denote 
different things about each sample. Sample IDs will be in the form of “ANL1G1” or 
“AMUL1G1”. The first character, an A, B, C, or D, denotes which trial the sample is from, either 
the first, second, third, or fourth. The second set of characters, either N or MU, denotes whether 
the sample is a control (N) or from a set of samples reared in infected water (MU). The third set 
of characters, either L, P, or A, denotes what life stage the sample is. For mosquitoes, this is the 
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larval life stage (L), the pupal life stage (P), or the adult life stage (A). The next set of characters, 
a number, is a 1, 2, or 3, and denotes which sample in the sample gathering that specific sample 
is. If that sample was the first gathered, the number will be a 1. If it was the second sample 
gathered, the number will be a 2 and so on. The next character is a G, and that denotes the word 
“generation” to show which generation of rearing that sample is from. The last character is a 
number, either 1, 2, or 3, and this denotes which generation the sample is from. If the sample is 
from the second generation, the last two characters in the sample ID will read “G2”. For 
example, the sample ID CMUP2G1 means that the sample was taken from the third trial (C), was 
reared in infected water (MU), is a pupa (P), was the second pupa taken (2), and is from the first 
generation (G1). Additionally, if a sample was used for surface sterilizing, it will have a “b” after 
the generation number, as well as a body part if the sample is an adult. For adults, the sample 
characters after the generation number will be either “bh,t” to represent bleached head and 
thorax, or “ba” to represent a bleached abdomen specimen. Larvae will simply have the “b” if 
they were surface-sterilized.  
2.5 Sample Processing 
2.5.1 DNA Extraction 
Samples were gathered as previously discussed in 2.3, and samples to be used for DNA 
extraction were stored in 500µL 100% ethanol. Prior to DNA extraction, samples from trials C 
and D were sexed. For an additional positive control during DNA extraction, colony 
mosquitoes were taken at various points in time and DNA was extracted from the whole body 
with 200uL of M. ulcerans culture. Additionally, each batch of extractions had at least one 
positive control included (200 µL M. ulcerans GFP extracted), as well as a negative control 
(reagents only). DNA was extracted from samples of whole-body mosquitoes for all samples 
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aside from those used for salivary gland and midgut microbiome DNA. Reagent components 
are listed in Table 2.3. To begin, 500µL of lysis solution and ~0.5mg of an equal 1:1 glass 
bead mixture (Research Products International) of 0.5mm beads and 0.1mm beads were 
deposited into a 2mL screwcap tube (Denville Scientific). The sample (larvae, pupae, or adult 
mosquito) was removed from the storage tube with 500µL 100% ethanol, dried briefly on a 
Kimwipe to remove excess ethanol, mashed up slightly with forceps (previously sprayed with 
70% ethanol and wiped with Kimwipes), and placed into the 2mL screwcap tube. The edges of 
each tube were wiped clean with a Kimwipe to ensure no glass beads obstructed the seal 
during homogenization. Samples were homogenized within a beadbeater at 3,500 oscillations 
per minute for 45 seconds, placed on ice for 2 minutes, and again at 3,500 oscillations per 
minute for 45 seconds. Samples were incubated at 65˚C for 20 minutes and centrifuged for 2 
minutes at 4˚C at 10,000xG. Supernatant (400µL) was transferred to individual 1.5mL tubes 
with 150µL potassium acetate. Samples were incubated at -20˚C for 1 hour, then centrifuged 
at 4˚C for 30 minutes at 10,000xG. Guanidine hydrochloride (1.2mL) was added to individual 
2mL tubes, and each sample’s supernatant was added to an individual 2mL tube with 1.2mL 
guanidine hydrochloride. After thorough pipette-mixing, 700µL from each sample was 
transferred to individual spin filters (Epoch LifeSci Econospin) and centrifuged for 2 minutes 
at 10,000xG, with resulting flow through discarded. This was repeated until all of the sample 
was run through the spin filter. Following this, 500µL wash solution was added to the filter 
reservoir, and samples were centrifuged for 2 minutes at 10,000xG with resulting flow through 
discarded. Sample filters were washed with 500µL 100% ethanol with centrifugation for 2 
minutes at 10,000xG. Samples were centrifuged for 5 minutes at 10,000xG to remove any 
residual ethanol from the spin filters, then the spin filters were carefully transferred to new 
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2mL tubes. Elution solution (100µL) was added, and samples were incubated at room 
temperature for 10 minutes. After 10 minutes, samples were centrifuged for 2 minutes at 
10,000xG at room temperature. Resulting isolated DNA was stored at -20˚C until used for 
downstream methods as described below.  
Table 2.3 Components and reagents used in DNA extraction procedure 
Final reagent Components  Autoclave  
500mL lysis solution 50mL Tris pH 8.0 
50mL 0.5M EDTA 




When cooled, add 100mg 
RNase A 
 
Autoclave for 25 minutes on 
liquid cycle 
250mL potassium acetate 122.7g potassium acetate 
127.3mL ddH2O 






316.5mL 100% ethanol 
152mL ddH2O 
N/A 
1000mL wash solution 10mL 1M Tris pH 8.0 
2mL 0.5M EDTA 
50mL 1M NaCl 
670mL 100% ethanol 
268mL ddH2O 
N/A 
500mL elution solution 5mL 1M Tris pH 8.0 
495 mL ddH2O 
Autoclave for 25 minutes on 
liquid cycle 
 
2.5.2 Detection of M. ulcerans Among Mosquito Samples Using qPCR  
qPCR was conducted after DNA extraction as discussed in 2.4.1 to determine M. 
ulcerans presence and abundance by targeting enoyl reductase (ER) domains found within 
molecules of mlsA of pMUM001 plasmid responsible for mycolactone production (Stinear et al., 
2004). ER was measured using Taqman probe technology with a VIC fluorophore and MSGNFQ 
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quencher (Applied Biosystems). The probe (100uM stock concentration) was diluted to 1uL 
concentrated VIC probe: 999uL molecular grade water and was utilized as a 0.1% solution. 
Components of each reaction (Table 2.4), primer and probe sequences (Table 2.5), and qPCR 
parameters (Table 2.6) are listed below. Results were only considered when negative DNA 
extraction controls and qPCR controls (no template controls; NTCs) were negative, if the 
standard curve correlation coefficient (R2) exceeded or was equal to 0.99, and if the log linear 
slope fell between -2.9 and -3.6. Additionally, sample concentrations were only considered 
positive when the Ct (cycle threshold) defined as the number of cycles required for the 
fluorescent signal to cross the threshold (i.e. exceeds background level) was less than or equal to 
38. All DNA was run in duplicate and was rerun in instances where duplicate reactions did not 
yield similar results or if any of the above criteria were not met. Student’s t-tests or ANOVAs 
with Bonferroni correction when applicable were used to determine statistically significant 
differences between to variables or for groups, respectively.  
 
Table 2.4 Contents of ER qPCR reaction and quantities.  
Reagent Quantity 
Taqman Environmental Mastermix 2.0 
(Applied Biosystems) /SSOAdvanced 
Universal Probes Supermix  
12.5µL 
ER qPCR forward primer (2.5uM)  1.0µL 
ER qPCR reverse primer (2.5uM) 1.0µL 
ER-VIC probe (Applied Biosystems) 2.5µL 







Table 2.5 Primers utilized for ER qPCR, probe sequence (5’ to 3’) 
ER-Forward CGCCTACATCGCTTTGG 
ER-Reverse ATTGAATCGCAGCCATACC 
ER-VIC probe VICCTGATCCATGCCGGC MGBNFQ 
 
Table 2.6 ER qPCR thermal cycling conditions  
Temperature Time Repeat 
95˚C 10 minutes  
95˚C 15 seconds  
Repeat 39x 56˚C 30 seconds 
4˚C Hold  
 
2.5.3 Modified Petroff Method and Plating 
The Modified Petroff method was utilized to decontaminate samples prior to plating. This 
method is a common means to decontaminate environmental specimens or those from patients in 
a way that kills most contaminating microbes but will not kill acid-fast bacteria such as M. 
ulcerans (Tripathi et al., 2014). This method is especially useful for mosquito samples since 
mosquitoes are microbially diverse. In addition to the three samples taken from both the water 
with an M. ulcerans inoculum and water without, for the larval stage, pupal stage, and adult 
stage, 2 additional samples were taken for each life stage from the control water to serve as an M. 
ulcerans positive matrix. These additional samples were left in 500µL of M. ulcerans M7H9 
culture for 30 minutes and decontaminated using the Modified Petroff method as well. Samples 
were placed into a 15 mL conical tube with 2mL of 4% NaOH, where they were left for 15 
minutes with moderate agitation. Samples were then centrifuged at 3,000xG at 4˚C for 15 
minutes. Following supernatant removal, 15mL of saline was added into each tube, and samples 
were centrifuged at 3,000xG at 4˚C for 15 minutes. The saline was poured off, samples were 
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removed with forceps and placed onto M7H10 plus kanamycin plates (50mg/µL). Samples were 
then homogenized and spread with a sterile, plastic cell spreader (Fisher). The M7H10 
kanamycin plates were incubated at 29˚C until growth became visible.  
2.5.4 GFP Microscopy 
One mosquito was utilized for both microscopies discussed here, GFP (green 
fluorescence protein) microscopy and light microscopy after Kinyoun staining. The sample 
(larvae, pupae, or adult mosquito) was removed from the storage tube with sterile forceps, 
dipped into two individual 500µL washes of molecular biology grade water, placed into a 2mL 
tube with 60µL of molecular biology grade water, and pulverized with sterile forceps. A portion 
of each sample (5µL) was removed for GFP microscopy, deposited onto a frosted glass slide 
(Fisher), and quickly covered with an unbreakable plastic coverslip (Fisherbrand). Samples were 
observed with an Olympus CX 23 on the 10X, 40X, and 100X objective lenses. GFP microscopy 
was performed on an EVOS ® FL Cell Imaging System, through the 4X, 10X, or 20X objective, 
and with 20% exposure. All sample slides were observed and searched for a minimum of five 
minutes until moving on to the next slide.  
2.5.5 Kinyoun Stain and Light Microscopy 
One mosquito was utilized for both microscopies discussed here, GFP (green 
fluorescence protein) microscopy and light microscopy after Kinyoun staining. The sample 
(larvae, pupae, or adult mosquito) was removed from the storage tube with sterile forceps, 
dipped into two individual 500µL washes of molecular biology grade water, and pulverized with 
sterile forceps. 5µL was removed for Kinyoun staining and light microscopy, deposited onto a 
frosted glass slide (Fisher), air dried, and heat fixed via Bunsen burner. No modifications were 
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made to the Kinyoun TB stain protocol, and that method will be described here. Slides were 
flooded with Kinyoun carbolfuchsin (Remel), which was left on for 5 minutes. Slides were 
rinsed with DI water, and acid alcohol (Remel) was flooded on the slides for 3 minutes. The 
alcohol was rinsed off the slides with DI water, and TB methylene blue (Remel) was flooded on 
the slides for 3 minutes. Slides were rinsed with DI water, left to air dry, and observed under 
light microscopy at 4X, 10X, and 100X.  
2.5.6 Bleaching and Salivary Gland/Midgut DNA Extraction 
To extract salivary gland and midgut DNA, larvae were dipped for 60 seconds in one 
500µL waterbath of 10% bleach solution (Clorox), then two individual and successive 60 second 
washes 500µL molecular biology grade water (FisherBioreagents), and used for DNA extraction 
in the whole-body condition. Surface sterilizing has previously been used as an effective means 
to eliminate surface microbes and DNA in invertebrates, and has also been used to surface-
sterilize plants to determine internal M. ulcerans partitioning (Barletta et al., 2017; Bili et al., 
2016; Bouam & Drancourt, 2019). The adults were first sexed after being thawed, then the whole 
body was dipped in one 500µL waterbath of 10% bleach solution for 60 seconds, followed by 
two individual 60-second washes of 500µL molecular biology grade water, and dissected. The 
adult whole body was severed at the point between the thorax and the abdomen. DNA from the 
head, wings, thorax, and six legs were extracted as one sample, and the DNA from the abdomen 
was extracted as its own single sample. The DNA extraction procedure utilized for this is 
discussed in 2.4.1. This was only done for a portion of samples.  
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2.5.7 RNA Extraction 
Three additional samples per life stage (larvae, pupae, or adult) per generation were 
stored in a -20˚C freezer for later use in RNA extraction and qRT-PCR, outside of the scope of 
this thesis. These samples were collected the same way as all of the other samples used and were 
placed in 1.5mL tubes and frozen immediately.  
2.5.8 Microbiome Sequencing 
After extraction of DNA utilizing the protocol discussed in 2.4.1, the DNA was subjected 
to PCR targeting the V4 region of microbial 16S utilizing the reagents and quantities listed in 
Table 2.7. Primers and PCR conditions were those designed by the Earth Microbiome Project 
(Thompson et al., 2017) (Table 2.8 and 2.9). DNA that showed a visible band upon running on a 
2% agarose EtBr gel were sent for sequencing. For the gel, 2.0g agarose was mixed with 100mL 
1X TAE, microwaved until boiling and all agarose was dissolved. The mixture was then poured 
into a casting box with combs and left to solidify where 7.0µL of 100bp ladder, along with 2µL 
of each PCR product was loaded into individual wells. The gel was run at 110 volts for 40 
minutes and observed via GelDoc (BioRad) for visible bands. All resulting gels are listed in 
Appendix E, labeled with sample ID. Relative abundance was reported for genera and families 
with at least 1.5% relative abundance for at least one of the sample categories. The relative 
abundance might not be 1.5% of the total sample relative abundance for every sample category 






Table 2.7 Contents of 16S V4 PCR reactions and quantities  
Reagent Quantity 
DreamTaq Green Mastermix (2x) (Thermo 
Scientific)/ DreamTaq Mastermix (2x) 
(Thermo Scientific) 
12.5µL 
16S V4 PCR forward primer (2.5uM) 1.0µL 
16S V4 PCR reverse primer (2.5uM) 1.0µL 




Table 2.8 Primers utilized for 16S V4 PCR (5’to 3’) (Thompson et al., 2017) 
Forward primer AATGATACGGCGACCACCGAGATCTACACGCT 
XXXXXXXXXXXX TATGGTAATT GT 
GTGYCAGCMGCCGCGGTAA 
Reverse primer  CAAGCAGAAGACGGCATACGAGAT AGTCAGCCAG CC 
GGACTACNVGGGTWTCTAAT 
 
Table 2.9 16S V4 PCR thermal cycling conditions (Thompson et al., 2017) 
Temperature Time Repeat 
94˚C 3 minutes  
94˚C 45 seconds  
         35x 50˚C 60 seconds 
72˚C 90 seconds 
72˚C 10 minutes  
4˚C Hold  
 
Microbial DNA samples were sequenced using Illumina MiSeq of 2 x 250 bp paired-end 
reads following 16S library construction, both performed by Michigan State University 
Genomics Core Facility. The V4 hypervariable region of the 16S rRNA gene was amplified 
using dual indexed Illumina compatible primers 515f/806r as described by Kozich (Kozich et al., 
2013). PCR products were normalized using Invitrogen SequalPrep DNA Normalization plates 
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and the products recovered from the plates pooled. This pool was cleaned up with AMPureXP 
magnetic SPRI beads. The pool was QC’d and quantified using a combination of Qubit dsDNA 
HS, Advanced Analytical Fragment Analyzer High Sensitivity NGS DNA, and Kapa Illumina 
Library Quantification qPCR assays. Sequencing of the pooled amplicons was on an Illumina 
MiSeq v2 standard flow cell using a 500 cycle v2 reagent cartridge. Custom Sequencing and 
index primers were added to appropriate wells of the reagent cartridge (Kozich et al., 2013). 
Base calling was done by Illumina Real Time Analysis (RTA) v1.18.54 and output of RTA was 
demultiplexed and converted to FastQ format with Illumina Bcl2fastq v2.19.1. Raw fastq files 
barcoded Illumina 16S rRNA paired-end reads were assembled, quality-filtered, demultiplexed, 
and analyzed in the CLC Workbench 21.0. Reads were discarded if they have a quality score 
<Q20, contained ambiguous base calls or barcode/primer errors, and/or were reads with <75% 
(of total read length) consecutive high-quality base calls. Chimeric reads were removed using the 
default settings. After quality control, the remaining sequences were binned into Operational 
Taxonomic Units (OTUs) at a 97% sequence similarity cutoff. Assembled sequence reads were 
classified into OTUs on the basis of sequence similarity. The highest-quality sequences from 
each OTU cluster were taxonomically assigned and identified using BLAST against reference 
sequences from the most current SILVA 97% reference dataset, and low abundance OTUs (<10 
reads across all samples in the total dataset) were removed. 
2.5.9 Analyses of Microbial Diversity 
Alpha and beta diversity analyses were performed on the classified OTUs at a rarefaction 
sampling depth of 5,000 reads per sample (100 replicates at each depth) with metadata included 
in the analyses: sample ID, sample name, life stage bleached- yes or no, generation, treatment. 
Relative abundances and significance of differentially abundant taxa were calculated. Chao-1 
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and Shannon diversity index (alpha diversity) were calculated and compared against metadata 
using pairwise Kruskal-Wallis. Bray-Curtis dissimilarities (beta diversity) were calculated and 
compared against metadata using pairwise PERMANOVA with Bonferroni corrected p-values 
(permutations = 99,999). Dissimilarities were used to create PCoA plots. Statistical significance 
was determined as the Bonferroni corrected p-value: q<0.05. All analyses of microbial diversity 





3.1 qPCR results 
Eighteen M. ulcerans reared larval samples were collected from the first generation 
across four trials in order to determine M. ulcerans presence and abundance. From these, 16/18 
(88.9%) were positive for M. ulcerans DNA, with a mean concentration of 4.1x104 GU/sample 
(Table 3.1, Figure 3.1). Four of the twelve first generation M. ulcerans reared pupae were 
positive (33.3%) with a mean concentration of 481.0 GU/sample. First generation adults showed 
lower positivity (3/39, 7.7%) with a mean concentration of 950.5 GU/sample. Seven of twelve 
(58.3%) environmental samples including larval and pupal casings, container swabs and water 
were positive with a mean concentration of 2.2x104 GU/sample.  
Only 4/18 (22.2%) of second-generation adults and 1/6 (16.7%) environmental samples 
were positive, with mean concentration of 289.5 and average concentration of 89.3, respectively. 
The positive environmental sample was a larval shedding. No other samples were positive for 
generation 2. Finally, only 1/18 (5.6%) adult from generation 3 was positive for M. ulcerans 
DNA with an average concentration of 202.7 GU/sample.  
Overall, larval samples showed significantly higher positivity and concentration than all 
other life stage and sample with 40.9% positivity and mean concentration of 1.51x104 
GU/sample (Table 3.1, Figure 3.1). Pupal samples had 13% positivity with a mean concentration 
of 80.2 GU/sample. Adult samples had 10.6% positivity with a mean concentration of 60.2 
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GU/sample. Larval and pupal casings had 37.5% positivity with a mean concentration of 234.91 
GU/sample. Casing samples had statistically higher positivity than egg samples and statistically 
higher concentrations than egg, pupae, and adult samples. Other environmental samples 
including container swabs and water had 26.8% positivity with mean concentration of 1.02x104 
GU/sample. These were statistically higher in positivity than eggs or adult samples and with 
statistically higher concentrations than pupae and adult samples (Table 3.1, Figure 3.1, 3.2). 
Additionally, the generation 1 larval samples had the highest level of positivity, followed by the 
generation 1 casings, the generation 2 casings, and the generation 1 pupae. The first generation, 
aside from the adults, had the overall highest positivity. M. ulcerans presence and abundance 





























Table 3.1 M. ulcerans presence and abundance among M. ulcerans reared mosquitoes across 
life stage and generation  













   
Gen 1 Eggs  0 N/A N/A 0 










































Gen 2 Eggs 2 0/2  
(0%) 
N/A 0 






Table 3.1 (continued)  







(Mean GU for 
all samples) 
 Pupae 6 0/12 
(0%) 
N/A 0 







Enviro  6 1/6 
(16.7%) 
DMUG2larvshed: 89.3 89.319 
 
Gen 3  
Eggs 0 N/A N/A 0 
Larvae 12 0/12 
(0%) 
N/A 0 
Pupae  6 0/6  
(0%) 
N/A 0 
Adult 18 1/18 
(5.6%) 
CMUA3G3ba: 202.7 202.656 
Enviro  4 0/4 
(0%) 
N/A 0 
M. ulcerans positivity is in percentages, and calculated by dividing the number of positive 
samples by the number of total samples collected. M. ulcerans concentration is in mean 
genome units per sample for the units, and mean concentration of genomic units is the M. 
ulcerans concentration for all positive samples summed and divided by the number of positive 
samples. 
3.1.1 qPCR Among Surface-Sterilized and Dissected Mosquitoes  
Larvae were collected and surface sterilized for determination of M. ulcerans presence 
and abundance. Five of six (83.3%) surface-sterilized, “internal” first generation M. ulcerans 
reared larval samples were positive for M. ulcerans DNA, with a mean concentration of 3.1x104 
GU/sample, though none from generations 2 or 3 were positive. There were zero surface-
sterilized dissected adults from generation 1 positive; however, 4 of twelve (33.3%) from 
generation 2 were positive. Positive samples included two from head-thorax samples with an 
average concentration of 309.5 GU/sample, and two from abdomen samples with an average 
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concentration of 296.5 GU/sample. One M. ulcerans reared adult abdomen sample from 
generation 3 was positive (8.3%) with an average concentration of 202.7 GU/sample.  
Overall, there was no statistical difference in positivity among matched whole M. 
ulcerans reared larval samples versus surface-sterilized (internal) samples (33.3% whole versus 
27.8% internal); however, there was a statistically significant difference between concentration 
(2.03x104 GU/sample for whole versus 8.54x103 GU/sample for internal, p=0.038, Table 3.1 and 
3.2). There was no statistical difference in positivity (5.56% whole, 11.1% head-thorax, and 
15.8% abdomen) or concentration (110.8 GU/sample for whole, 34.4 GU/sample for head-
thorax, and 39.03 GU/sample for abdomen) between adult whole, head-thorax, or abdomen 
samples (Positivity: F=0.480, df=2, p=0.621; Concentration: F=0.416, df=2, p=0.662, Table 3.1 




Table 3.2 M. ulcerans presence and abundance among surface-sterilized dissected 














































Adult  12 0/12 
(0%) 
N/A N/A 0 
Gen 2 Larvae 6 0/6 
(0%) 
N/A N/A 0 




















Gen 3 Larvae 6 0/6 
(0%) 
N/A N/A 0 





M. ulcerans positivity is in percentages, and calculated by dividing the number of positive 
samples by the number of total samples collected. M. ulcerans concentration is in mean 
genome units per sample for the units, and mean concentration of genomic units is the MU 






Figure 3.3 Mean M. ulcerans positivity among whole versus surface-sterilized (internal) M. 
ulcerans reared larval samples 
Error bars indicate standard error. Whole body is used to represent the relative abundances of the 







Figure 3.4 Mean M. ulcerans GU/sample among whole versus surface-sterilized (internal) M. 
ulcerans reared larval samples 
Error bars indicate standard error. Whole body (a) is used to represent the relative abundances of 






Figure 3.5 Mean M. ulcerans positivity among whole versus surface-sterilized dissected 
(head-thorax or abdomen) M. ulcerans reared adult samples 
Error bars indicate standard error. Whole body is used to refer to the entire undissected mosquito 
body of M. ulcerans adults, while abdomen is used to refer to the surface-sterilized dissected 







Figure 3.6 Mean M. ulcerans GU/sample among whole versus surface-sterilized dissected 
(head-thorax or abdomen) M. ulcerans reared adult samples.  
Error bars indicate standard error. Whole body is used to refer to the entire undissected mosquito 
body of M. ulcerans adults, while abdomen is used to refer to the surface-sterilized dissected 





3.2 Microbiome and Sequencing Results 
3.2.1 Family and Genus Level Relative Abundance of Larvae Across Treatment and 
Generation 
 
Figure 3.7 Family level microbiome relative abundance in larvae  
Relative abundance displayed for larvae reared in DI water versus those reared in water with the 
addition of M. ulcerans according to methods in section 2.4. ControlLG1: first generation larvae 
reared in DI water, ControlLG2: second generation larvae reared in DI water, ControlLG3: 
third generation larvae reared in DI water; MULG1: M. ulcerans reared first generation larvae, 
MULG2: M. ulcerans reared second generation larvae, MULG3: M. ulcerans reared third 
generation larvae 
 
The top 13 families of larvae reared in DI water versus those reared in water with the 
addition of M. ulcerans are shown in Figure 3.7.  First generation larvae reared in DI water 
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(ControlLG1) showed highest abundance in Chitinophagaceae (20.0%), followed by 
Burkholderiaceae (12.4%), Anaplasmataceae (11.0%), Rhizobiaceae (6.8%), 
Sphingobacteriaceae (5.1%), Beijerinckiaceae (7.2%), Nocardiaceae (3.1%), 
Sphingomonadaceae (5.1%), Xanthobacteraceae (4.6%), Paenibacillaceae (4.4%), 
Azospirillaceae (2.6%), Weeksellaceae (1.2%), and Mycobacteriaceae (0.6%), totaling 84.0% of 
the total sample abundances. Second generation larvae reared in DI water (ControlLG2) showed 
highest abundance of Nocardiaceae (28.0%), Anaplasmataceae (19.8%), Burkholderiaceae 
(6.4%), Weeksellaceae (3.3%), Beijerinckiaceae (3.2%), Paenibacillaceae (3.1%), 
Sphingobacteriaceae (1.5%), Chitinophagaceae (1.3%), Rhizobiaceae (0.8%), Xanthobacteraceae 
(0.7%), Sphingomonadaceae (0.6%), Mycobacteriaceae (0.4%), and Azospirillaceae (0.2%), 
totaling to 69.2% of the total sample abundances. Third generation larvae reared in DI water 
(ControlLG3) showed highest abundance of Sphingobacteriaceae (14.7%), Beijerinckiaceae 
(11.6%), Anaplasmataceae (10.5%), Burkholderiaceae (10.4%), Rhizobiaceae (8.4%), 
Paenibacillaceae (8.0%), Chitinophagaceae (7.0%), Weeksellaceae (2.0%), Sphingomonadaceae 
(1.8%), Xanthobacteraceae (0.8%), Azospirillaceae (0.7%), Mycobacteriaceae (0.4%), 
Nocardiaceae (0.2%), totaling 76.5% of the total sample abundances.   
The top 13 families of control and M. ulcerans reared larvae across all three generations 
are shown in Figure 3.7 First generation M. ulcerans reared larvae (MULG1) showed highest 
abundance of Azospirillaceae (28.0%), followed by Burkholderiaceae (14.1%), Paenibacillaceae 
(15.5%), Anaplasmataceae (8.8%), Chitinophagaceae (5.1%), Rhizobiaceae (4.4%), 
Sphingobacteriaceae (2.7%), Beijerinckiaceae (2.4%), Sphingomonadaceae (2.3%), 
Weeksellaceae (2.1%), Mycobacteriaceae (2.2%), Nocardiaceae (1.3%), and Xanthobacteraceae 
(0.5%), totaling 89.4% of total abundance,.  Second generation M. ulcerans reared larvae 
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(MULG2) showed highest abundance in Beijerinckiaceae (38.8%), followed by Azospirillaceae 
(26.0%), Burkholderiaceae (8.3%), Anaplasmataceae (6.6%), Weeksellaceae (3.8%), 
Chitinophagaceae (2.9%), Rhizobiaceae (2.6%), Nocardiaceae (0.3%), Sphingomonadaceae 
(0.7%), Xanthobacteraceae (0.5%), Sphingobacteriaceae (0.3%), Mycobacteriaceae (0.2%), and 
Paenibacillaceae (0.1%), totaling to 91.1% of the total sample abundances. Third generation M. 
ulcerans reared larvae (MULG3) had highest abundance of Burkholderiaceae (25.6%) followed 
by Sphingobacteriaceae (9.5%), Chitinophagaceae (9.4%), Mycobacteriaceae (6.1%), 
Beijerinckiaceae (6.1%), Anaplasmataceae (5.7%), Weeksellaceae (5.2%), Rhizobiaceae (5.0%), 
Sphingomonadaceae (2.3%), Nocardiaceae (1.3%), Xanthobacteraceae (1.6%), Paenibacillaceae 
(0.5%), Azospirillaceae (0.2%), totaling 78.5% of the total sample abundances. 
As for differential abundances (Table 3.3), several statistically significant changes 
occurred. Azospirillaceae, Chitinophagaceae, and Mycobacteriaceae were statistically different 
in generation 1, suggesting possible short-lived effects. Rhizobiaceae and Sphingomonadaceae 
were statistically different in generation 2, Paenibacillaceae were statistically different in 











Anaplasmataceae 6377.4 v. 7511.3 
(p=0.850)  
4828.7 v. 3318.2 
(p=0.405) 
2547.7 v. 2534.3 
(p=0.993) 
Azospirillaceae 1490.4 v. 23853.3 
(p=0.012) 
45.33 v. 13125.2 
(p=0.088)  
182.0 v. 108.67 
(p=0.646) 
Beijerinkciaceae 4164.8 v. 2037.3 
(p=0.149) 
19602.8 v. 782.3 
(p=0.060) 
2821.7 v. 2691.7 
(p=0.929) 
Burkholderiaceae 7247.4 v. 12075.8 
(p=0.301)  
1558.5 v. 4192.2 
(p=0.139) 
2527.0 v. 11340.0 
(p=0.075) 
Chitinophagaceae 11582.1 v. 4347.4 
(p=0.027)  
327.5 v. 1481.2 
(p=0.139) 
1714.0 v. 4176.3 
(p=0.136) 
Mycobacteriaceae 357.8 v. 1851.8 
(p=0.017) 
105.8 v. 98.0 
(p=0.906)  
82.67 v. 2710.7 
(p=0.063) 
Nocardiaceae 1808.1 v. 1141.7 
(p=0.539) 
6812.2 v. 151.2 
(p=0.113) 
58.7 v. 561.3 
(p=0.048) 
Paenibacillaceae 2527.0 v. 13206.2 
(p=0.232) 
762.3 v. 61.83 
(p=0.019) 
1946.7 v. 209.7 
Ip=0.003) 
Rhizobiaceae 3952.5 v. 3789.6 
(p=0.925) 
190.0 v. 1292.7 
(p=0.033) 
2036.3 v. 2615.3 
(p=0.956) 
Sphingobacteriaceae 2967.5 v. 2319.8 
(p=0.613) 
375.8 v. 160.5 
(p=0.247)  
3573.0 v. 4198.0 
(p=0.834) 
Sphingomonadaceae 2934.6 v. 1957.2 
(p=0.540)  
135.0 v. 339.8 
(p=0.029) 
443.3 v. 1023.0 
(p=0.392) 
Weeksellaceae 671.3 v. 1755.8 
(p=0.222) 
797.8 v. 1937.7 
(p=0.088)  
487.3 v. 2292.7 
(p=0.345) 
Xanthobacteraceae 2653.0 v. 440.2 
(p=0.130) 
166.7 v. 240.7 
(p=0.619) 
200.0 v. 691.4 
(p=0.343) 
The top 13 families are displayed with the comparisons between generations. All white boxes are 
insignificant comparisons that are similar between the M. ulcerans and control larvae. Light red 
boxes signify that the M. ulcerans samples for that family are higher than the control samples. 
Bright red boxes with white fonts signify that the M. ulcerans samples for that family are 
significantly higher than the control samples. Light green boxes signify that the control samples 
for that family are higher than the M. ulcerans samples. Bright green boxes with white fonts 








Figure 3.8 Genus level microbiome relative abundance in larvae   
Relative abundance displayed for larvae reared in DI water versus those reared in water with the 
addition of M. ulcerans according to methods in section 2.4. ControlLG1: first generation larvae 
reared in DI water, ControlLG2: second generation larvae reared in DI water, ControlLG3: 
third generation larvae reared in DI water; MULG1: M. ulcerans reared first generation larvae, 
MULG2: M. ulcerans reared second generation larvae, MULG3: M. ulcerans reared third 
generation larvae 
 
The top 13 genera of larvae reared in DI water versus those reared in water with the 
addition of M. ulcerans are shown in Figure 3.8. First generation larvae reared in DI water 
(ControlLG1) showed highest abundance in Wolbachia (12.8%), followed by Ralstonia (8.5%), 
Methylobacterium (5.7%), Sphingomonas (5.1%), Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium (5.1%), Paenibacillus (5.1%), Sediminibacterium (4.9%), Uncultured-010 (4.6%), 
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Pedobacter (3.9%), Gordonia (3.6%), Azospirillum (3.0%), Mycobacterium (0.7%), and 
Tsukubamonas globose (<0.01%), totaling 63.0% of the total sample abundances. Second 
generation control larvae (ControlLG2) showed highest abundance in Gordonia (28.4%), 
followed by Wolbachia (20.2%), Paenibacillus (3.2%), Ralstonia (2.7%), Pedobacter (0.954%), 
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (0.7%), Sediminibacterium (0.4%), 
Mycobacterium (0.4%), Uncultured-010 (0.4%), Sphingomonas (0.3%), Methylobacterium 
(0.3%), Azospirillum (0.1%), and Tsukubamonas globose (0.003%), totaling 58.0% of the total 
sample abundances. Third generation control larvae (ControlLG3) showed highest abundance in 
Tsukubamonas globose (48.4%), Pedobacter (7.3%), Wolbachia (5.4%), Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium (4.2%), Paenibacillus (4.2%), Methylobacterium 
(3.3%), Uncultured-010 (3.1%), Ralstonia (2.5%), Sphingomonas (0.4%), Azospirillum (0.3%), 
Mycobacterium (0.2%), Gordonia (0.1%), Sediminibacterium (0.1%) totaling to 80.0%% of the 
total sample abundances. 
First generation M. ulcerans reared larvae (MULG1) showed highest abundance of 
Azospirillum (29.7%), followed by (16.4%), Wolbachia (9.3%), Ralstonia (2.8%), Pedobacter 
(2.7%), Mycobacterium (2.3%), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (2.2%), 
Sphingomonas (2.2%), Paenibacillus Methylobacterium (2.0%), Uncultured-010 (1.6%), 
Gordonia (1.4%), Sediminibacterium (1.4%), Tsukubamonas globose (0.001%), totaling 74.0% 
of the total sample abundances. Second generation M. ulcerans reared larvae (MULG2) showed 
highest abundance in Methylobacterium (38.9%), followed by Azospirillum (26.2%), Wolbachia 
(6.6%), Ralstonia (4.2%), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (2.5%), 
Sediminibacterium (1.0%), Sphingomonas (0.6%), Gordonia (0.3%), Uncultured-010 (0.2%), 
Mycobacterium (0.196%), Pedobacter (0.1%), Paenibacillus (0.1%), totaling 80.9% of the total 
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sample abundances. Third generation M. ulcerans reared larvae (MULG3) showed highest 
abundance in Tsukubamonas globose (25.3%), followed by Ralstonia (13.7%), Mycobacterium 
(4.8%), Pedobacter (4.8%), Wolbachia (4.5%), Uncultured-010 (4.3%), Methylobacterium 
(3.6%), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (2.8%), Gordonia (1.0%), 
Sphingomonas (0.7%), Paenibacillus (0.4%), Sediminibacterium (0.3%), and Azospirillum 
(0.2%), totaling to 66.3% of the total sample abundances.  
3.2.2 Larval Microbiome Alpha and Beta Diversity Across Treatment and Generation  
There was no significant difference in richness between first generation control larval 
samples and second or third generations (p=0.2 and p=0.7); however, there was a significant 
difference in richness between ControlLG2 and ControlLG3 (p=0.02, Figures 3.9 and 3.10). 
Significant differences in richness were also seen between MULG1 and MULG3 (p=0.04), but 
not between other M. ulcerans reared life stages. Conversely, significant differences in richness 
were found between first generation control and M. ulcerans reared larvae (p=0.0005) and a 
marginally significant difference between first-generation control and second-generation M. 
ulcerans reared larvae (p=0.05 between ControlLG1 and MULG1), but no significant difference 
between ControlLG1 and MULG2 existed (p=0.5). Significant differences were only observed 
between ControlLG2 and MULG1 (p=0.04). Third generation control larvae (ControlLG3) had 
statistically significant differences between M. ulcerans reared generations 1 and 2 (MULG1 
p=0.01, MULG2 p=0.02) and marginally significant differences between ControlLG3 and 
MULG3 (p=0.05).  
When samples were weighted on abundance, no significant differences were found 
between control larvae life stages; however, significant differences were found between 
ControlLG1 and MULG1 (p=0.01), and MULG2 (p=0.04), but not with MULG3 (p=0.8). 
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Second generation control larval samples (ControlLG2) showed a significant difference between 
MULG1 (p=0.04), but not MULG3 (p=0.4). M. ulcerans reared larval samples were not 
significantly different when weighted on abundance.  
 
 
Figure 3.9 Chao 1 bias-corrected along with the Kruskal-Wallis p-value of larval 
microbiomes across treatment and generation 
ControlLG1: first generation larvae reared in DI water (lighter blue), ControlLG2: second 
generation larvae reared in DI water (leftmost lime green), ControlLG3: third generation larvae 
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reared in DI water (darker blue); MULG1: M. ulcerans reared first generation larvae (rightmost 
lime green), MULG2: M. ulcerans reared second generation larvae (pink), MULG3: M. 
ulcerans reared third generation larvae (orange). 
 
 
Figure 3.10 Shannon diversity index and Kruskal-Wallis p-value of larval microbiomes across 
treatment and generation 
ControlLG1: first generation larvae reared in DI water (lighter blue), ControlLG2: second 
generation larvae reared in DI water (leftmost lime green), ControlLG3: third generation larvae 
reared in DI water (darker blue); MULG1: M. ulcerans reared first generation larvae (rightmost 
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lime green), MULG2: M. ulcerans reared second generation larvae (pink), MULG3: M. 
ulcerans reared third generation larvae (orange). 
.  
Figure 3.11 Bray-Curtis dissimilarity for larval microbiomes across treatment and generation 
Lime green-colored dots represent larvae reared in water with M. ulcerans, while purple-colored 
dots represent larvae reared in DI water. The numbers next to the dots represent the generation of 
the larval community represented.  
PCoA of β-diversity comparison using Bray-Curtis dissimilarity revealed significant 
separation of microbial communities based on treatment (p=0.004) and generation (p=0.006 and 
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p=<0.001 between generation 1 with generations 2 and 3, respectively, and p=<0.001 between 
generations 2 and 3). Control and treatment samples showed notable separation between 
generations 1 and 2, but were similar for generation 3 (Figure 3.11 and Table 3.4). 
 
Table 3.4 PERMANOVA based on Bray-Curtis dissimilarity of larval microbiomes across 
treatment 
Variable Groups Pseudo-f statistic p-value 
Treatment  MU, Control 2.5844 0.00413 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni)  
MU Control 2.5844 0.00413 0.00413 
 
Variable Groups Pseudo-f statistic p-value 
Generation 1, 2, 3 4.02209 0.00001 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
1 2 3.11775 0.00199 0.00597 
1 3 4.71119 0.00013 0.00039 
2 3 4.98153 0.00005 0.0016 




3.2.3 Family and Genus Level Relative Abundance of Pupae Across Treatment and 
Generation 
 
Figure 3.12 Family level microbiome relative abundance in pupae 
ControlPG1: first generation pupae reared in DI water, ControlPG2: second generation pupae 
reared in DI water, ControlPG3: third generation pupae reared in DI water; MUPG1: M. 
ulcerans reared first generation pupae, MUPG2: M. ulcerans reared second generation pupae, 
MUPG3: M. ulcerans reared third generation pupae. 
 
The top 13 families of pupae reared in DI water versus those reared in water with the 
addition of M. ulcerans are shown in Figure 3.12. First generation pupae reared in DI water 
(ControlPG1) showed highest abundances in Anaplasmataceae (54.1%), followed by 
Burkholderiaceae (13.3%), Chitinophagaceae (8.8%), Azospirillaceae (3.3%), 
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Sphingobacteriaceae (3.1%), Rhizobiaceae (3.0%), Sphingomonadaceae (2.8%), 
Caulobacteraceae (1.2%), Weeksellaceae (1.0%), Xanthobacteraceae (0.8%), Beijerinckiaceae 
(0.6%), Enterobacteriaceae (0.6%), and Pseudomonadaceae (0.1%), totaling to 92.5% of the total 
sample abundance.  
Second generation pupae reared in DI water (ControlPG2) showed highest abundances 
in Burkholderiaceae (16.1%), followed by Anaplasmataceae (13.5%), Pseudomonadaceae 
(12.5%), Enterobacteriaceae (12.4%), Chitinophagaceae (4.1%), Sphingobacteriaceae (3.1%), 
Rhizobiaceae (2.9%), Xanthobacteraceae (2.3%), Sphingomonadaceae (1.3%), Weeksellaceae 
(0.7%), Beijerinckiaceae (0.6%), and Caulobacteraceae (0.5%), and Azospirillaceae (0.2%), 
totaling to 70.1% of the total sample abundance. 
Third generation pupae reared in DI water (ControlPG3) showed highest abundances in 
Sphingobacteriaceae (39.5%), followed by Chitinophagaceae (13.9%), Burkholderiaceae 
(13.3%), Rhizobiaceae (5.8%), Sphingomonadaceae (5.0%), Azospirillaceae (4.5%), 
Pseudomonadaceae (3.1%), Anaplasmataceae (2.4%), Beijerinckiaceae (2.3%), 
Enterobacteriaceae (1.5%), Caulobacteraceae (1.4%), Weeksellaceae (1.2%), and 
Xanthobacteraceae (0.2%), totaling to 94.1% of the total sample abundance. 
First generation pupae read in M. ulcerans water (MUPG1) showed highest abundances 
in Anaplasmataceae (32.3%), followed by Azospirillaceae (25.3%), Chitinophagaceae (15.1%), 
Burkholderiaceae (7.8%), Rhizobiaceae (4.7%), Sphingobacteriaceae (3.0%), 
Sphingomonadaceae (2.1%), Weeksellaceae (1.8%), Beijerinckiaceae (0.5%), Caulobacteraceae 
(0.5%), Xanthobacteraceae (0.4%), Enterobacteriaceae (0.3%), and Pseudomonadaceae (0.03%), 
and totaling to 93.8% of the total sample abundance. 
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Second generation M. ulcerans pupae (MUPG2) showed highest abundances in 
Anaplasmataceae (55.4%), followed by Burkholderiaceae (10.2%), Chitinophagaceae (5.7%), 
Rhizobiaceae (4.0%), Beijerinckiaceae (3.0%), Weeksellaceae (2.6%), Sphingomonadaceae 
(1.8%), Sphingobacteriaceae (1.4%), Caulobacteraceae (1.3%), Xanthobacteraceae (1.3%), 
Azospirillaceae (0.9%), Enterobacteriaceae (0.8%), and Pseudomonadaceae (0.02%), and 
totaling to 88.4% of the total sample abundance. 
Third generation M. ulcerans pupae (MUPG3) showed highest abundances in 
Anaplasmataceae (36.1%), followed by Burkholderiaceae (10.9%), Chitinophagaceae (10.4%), 
Sphingobacteriaceae (7.9%), Rhizobiaceae (4.7%), Sphingomonadaceae (3.4%), 
Xanthobacteraceae (2.2%), Caulobacteraceae (1.8%), Weeksellaceae (1.5%), Beijerinckiaceae 
(0.9%), Enterobacteriaceae (0.6%), Pseudomonadaceae (0.4%), and Azospirillaceae (0.1%), 
totaling to 81.02% of the total sample abundance. 
As for differential abundances (Table 3.5), Azospirillaceae was statistically significant in 
generations 1 and 3, no significant changes occurred in generation 2, and all taxa aside from 











Anaplasmataceae 27423.1 v. 19525.7 
(p=0.551) 
7547.4 v. 15241.2 
(p=0.206)  
2708.0 v. 6278.7 
(p=0.240) 
Azospirillaceae 555.9 v. 15286.1 
(p=0.048)  
1391.1 v. 250.4 
(p=0.446) 
5114.3 v. 13.3 
(p=0.010) 
Beijerinckiaceae 295.7 v. 323.9 
(p=0.883)  
369.1 v. 814.4 
(p=0.322)  
2597.3 v. 155.3 
(p=0.004)  
Burkholderiaceae 6441.0 v. 4725.4 
(p=0.556)  
9226.3 v. 2792.0 
(p=0.184)  
15178.0 v. 1900.7 
(p=0.034) 
Caulobacteraceae 544.1 v. 300.4 
(p=0.342) 
332.7 v. 369.0 
(p=0.800) 
1549.7 v. 305.3 
(p=0.010) 
Chitinophagaceae 4214.8 v. 9152.3 
(p=0.262)  
2543.0 v. 1576.8 
(p=0.486) 
15830.7 v. 1815.7 
(p<0.001) 
Enterobacteriaceae 238.8 v. 163.4 
(p=0.322) 
6876.0 v. 230.2 
(p=0.356)  
1745.7 v. 100.0 
(p=0.003) 
Pseudomonadaceae 46.5 v. 23.4 
(p=0.197)  
6871.3 v. 7.8 
(p=0.120) 
3538.0 v. 75.7 
(p=0.023) 
Rhizobiaceae 1385.3 v. 2811.4 
(p=0.464)  
1758.0 v. 1097.6 
(p=0.550) 
6622.7 v. 824.7 
(p=0.001) 
Sphingobacteriaceae 1502.4 v. 1827.9 
(p=0.765) 
1740.4 v. 375.0 
(p=0.062) 
44927.7 v. 1387.3 
(p<0.001) 
Sphingomonadaceae 1222.4 v. 1242.3 
(p=0.980) 
953.0 v. 495.2 
(p=0.203) 
5644.3 v. 599.0 
(p=0.002) 
Weeksellaceae 501.8 v. 1100.3 
(p=0.240) 
426.4 v. 702.0 
(p=0.587) 
1363.0 v. 267.3 
(p<0.001) 
Xanthobacteraceae 272.9 v. 260.7 
(p=0.911)  
1383.9 v. 354.6 
(p=0.458)  
239.7 v. 375.7 
(p=0.337) 
The top 11 taxa are displayed with the comparisons between generations. All white boxes are 
insignificant comparisons that are similar between the M. ulcerans and control pupae. Light red 
boxes signify that the M. ulcerans samples for that family are higher than the control samples. 
Bright red boxes with white fonts signify that the M. ulcerans samples for that family are 
significantly higher than the control samples. Light green boxes signify that the control samples 
for that family are higher than the M. ulcerans samples. Bright green boxes with white fonts 







Figure 3.13 Genus level microbiome relative abundance in pupae  
ControlPG1: first generation pupae reared in DI water, ControlPG2: second generation pupae 
reared in DI water, ControlPG3: third generation pupae reared in DI water; MUPG1: M. 
ulcerans reared first generation pupae, MUPG2: M. ulcerans reared second generation pupae, 
MUPG3: M. ulcerans reared third generation pupae 
The top 13 genera of pupae reared in DI water versus those reared in water with the 
addition of M. ulcerans are shown in Figure 3.13. First generation pupae reared in DI water 
(ControlPG1) showed highest abundances in Wolbachia (60.2%), Ralstonia (9.8%), 
Azospirillum (3.6%), Sediminibacterium (2.3%), Pedobacter (1.9%), Sphingomonas (1.8%), 
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (1.8%), Novosphingum (0.5%), 
Sphingobacterium (0.2%), Pseudomonas (0.1%), Delftia (0.1%), Heliimonas (0.1%), Candidatus 
 
75 
Ovatusbacter (0.03%), and totaling to 82.3% of the total sample relative abundance. Second 
generation adults emerged from DI water (ControlPG2) showed highest abundances in 
Wolbachia (19.5%), followed by Pseudomonas (18.0%), Delftia (5.1%), Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium (4.0%), Pedobacter (2.3%), Sphingobacterium (1.7%), 
Sphingomonas (1.4%), Sediminibacterium (0.2%), Ralstonia (0.8%), Novosphingum (0.1%), 
Azospirillum (0.1%), Heliimonas (<0.01%), and Candidatus Ovatusbacter (<0.01%), totaling to 
53.1% of the total sample relative abundance. Third generation adults emerged from DI water 
(ControlPG3) showed highest abundances in Pedobacter (40.3%), followed by Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium (6.7%), Sphingobacterium (6.0%), Azospirillum 
(5.6%), Novosphingum (4.2%), Pseudomonas (3.9%), Delftia (3.1%), Wolbachia (3.0%), 
Sphingomonas (1.9%), Ralstonia (0.9%), Heliimonas (0.3%), Sediminibacterium (0.1%), and 
Candidatus Ovatusbacter (<0.01%), totaling to 75.7% of the total sample relative abundance. 
First generation adults emerged from M. ulcerans water (MUPG1) showed highest 
abundances in Wolbachia (34.9%), Azospirillum (27.3%), Candidatus Ovatusbacter (8.3%), 
Heliimonas (7.5%), Pedobacter (3.1%), Sediminibacterium (2.0%), Sphingomonas (1.6%), 
Ralstonia (1.4%), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (1.0%), 
Novosphingum (0.4%), Sphingobacterium (0.1%), Pseudomonas (0.04%), and Delftia (0.01%), 
totaling to 87.5% of the total sample relative abundance. Second generation M. ulcerans adults 
(MUPG2) showed highest abundances in Wolbachia (66.4%), Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium (4.3%), Sphingomonas (1.7%), Pedobacter (1.4%), Azospirillum 
(1.1%), Ralstonia (0.9%), Heliimonas (0.5%), Sediminibacterium (0.5%), Novosphingum (0.2%), 
Sphingobacterium (0.1%), Delftia (0.1%), Pseudomonas (0.03%), and Candidatus Ovatusbacter 
(0%), totaling to 77.2% of the total sample relative abundance. First generation adults emerged 
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from DI water (MUPG3) showed highest abundances in Wolbachia (43.01%), Ralstonia (6.8%), 
Pedobacter (6.3%), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (4.8%), 
Novosphingum (2.0%), Sphingomonas (1.7%), Pseudomonas (0.5%), Sediminibacterium (0.4%), 
Sphingobacterium (0.3%), Azospirillum (0.04%), Heliimonas (0.03%), Delftia (0.03%), 
Candidatus Ovatusbacter (0%), and totaling to 66.02% of the total sample relative abundance. 
3.2.4 Pupal Microbiome Alpha and Beta Diversity Across Treatment and Generation  
There was no significant difference in richness between first generation control pupal 
samples with the second generation (p=0.3), but marginally significant differences between 
Control PG1 and Control PG3 (p=0.05).  But there was no significant difference in richness 
between Control PG2 and Control PG3 (p=0.1).  Further, there were no significant differences in 
richness between Control PG1 and MUPG1, MUPG2, or MUPG3 (p=0.1, p=0.3, and p=0.5, 
respectively).  No significant differences in richness were found between second generation 
control pupae (Control PG2) and MUPG1 (p=0.1) or control PG2 and MUPG3 (p=0.6), but were 
found between Control PG2 and MUPG2 (p=0.007). Control PG3 was only significantly 
different in richness with MUPG1 (p=0.02), but not with any other M. ulcerans pupal generation 
(p=0.1 for both). Lastly, MUPG1 was significantly different in richness from MUPG2 (p=0.01), 
and marginally significantly different from MUPG3 (p=0.05, Figure 3.14 and 3.15). 
When samples were weighted on abundance, no significant differences were found 
between control pupal generations. Control PG1 was only significantly different from MUPG3 
(p=0.03).  Significant differences were only found between Control PG2 and MUPG3 (p=0.02).  
While third generation control pupal samples (Control PG3) showed no significant difference 
between MUPG1 and MUPG2 (p=0.1 for both), there was a marginally significant difference 
between Control PG3 and MUPG3 (p=0.05).  M. ulcerans reared pupal samples were 
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Figure 3.14 Chao 1 bias-corrected along with the Kruskal-Wallis p-value of pupal 
microbiomes across treatment and generation 
ControlPG1: first generation pupae reared in DI water (lighter blue), ControlPG2: second 
generation pupae reared in DI water (leftmost lime green), ControlPG3: third generation pupae 
reared in DI water (darker blue); MUPG1: M. ulcerans reared first generation pupae (rightmost 
lime green), MUPG2: M. ulcerans reared second generation pupae (orange), MUPG3: M. 





Figure 3.15 Shannon diversity index and Kruskal-Wallis p-value of pupal microbiomes across 
treatment and generation  
ControlPG1: first generation pupae reared in DI water (lighter blue), ControlPG2: second 
generation pupae reared in DI water (leftmost lime green), ControlPG3: third generation pupae 
reared in DI water (darker blue); MUPG1: M. ulcerans reared first generation pupae (rightmost 
lime green), MUPG2: M. ulcerans reared second generation pupae (orange), MUPG3: M. 





Figure 3.16 Bray-Curtis dissimilarity for pupal microbiomes across treatment and generation 
Lime green-colored dots represent M. ulcerans reared pupae, while purple-colored dots represent 
pupae reared in DI water. The numbers next to the dots represent the generation of the pupal 
community represented.  
PCoA of β-diversity comparison using Bray-Curtis dissimilarity revealed significant 
separation of microbial communities based on treatment (p=0.02, table 3.4). There were also 
significant differences between generation 1 and 3 (p=0.003). Control and treatment samples 
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showed notable separation between generations 1 and 3, but were similar for generations 1 and 2, 
and for generations 2 and 3 (Figure 3.16, Table 3.6).  
 
Table 3.6 PERMANOVA based on Bray-Curtis dissimilarity for pupal microbiomes by 
treatment 
Variable Groups Pseudo-f statistic p-value 
Treatment MU, Control 2.02481 0.01910 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
MU Control 2.02481 0.01910 0.01910 
 
Variable Groups Pseudo-f statistic p-value 
Generation 1, 2, 3 2.54644 0.00022 
Group 1 Group 2 Pseudo-f statistic P-value p-value 
(Bonferroni)  
1 2 2.09937 0.01991 0.05973 
1 3 3.61905 0.00087 0.00261 
2 3 1.99518 0.02402 0.07207 




3.2.5 Family and Genus Level Relative Abundance of Adults Across Treatment and 
Generation 
 
Figure 3.17 Family level microbiome relative abundance in adult mosquitoes 
ControlAG1: first generation adult mosquito emerged from DI water, ControlAG2: second 
generation adult mosquito emerged from DI water, ControlAG3: third generation adult 
mosquito emerged from DI water. MUAG1: first generation adult mosquito emerged from M. 
ulcerans water, MUAG2: second generation adult mosquito emerged in DI water after prior 
generation emerged from M. ulcerans water, MUAG3: third generation adult mosquito emerged 
in DI water after two generations prior emerged from M. ulcerans water.  
The top 12 families of adult mosquitoes reared in DI water versus those reared in water 
with the addition of M. ulcerans are shown in Figure 3.17. First generation adult mosquitoes that 
emerged from DI water (ControlAG1) showed the highest abundance in Anaplasmataceae 
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(73.9%), followed by Burkholderiaceae (8.03%), Enterobacteriaceae (2.4%), Actinomycetaceae 
(1.9%), Weeksellaeae (1.4%), Sphingomonadaceae (1.02%), Pseudomonadaceae (1.0%), 
Azospirillaceae (0.9%), Chitinophagaceae (0.9%), Nocardioidaceae (0.8%), and Rhizobiaceae 
(0.7%) totaling to 94.2% of the total sample relative abundances. Second generation adult 
mosquitoes that emerged from DI water (ControlAG2) showed the highest abundance in 
Anaplasmataceae (63.2%), followed by Azospirillaceae (10.0%), Burkholderiaceae (5.2%), 
Chitinophagaceae (2.9%), Sphingobacteriaceae (1.6%), Pseudomonadaceae (0.7%), 
Sphingomonadaceae (0.7%), Enterobacteriaceae (0.3%), Weeksellaeae (0.2%), Rhizobiaceae 
(0.2%), Nocardioidaceae (0.2%), Actinomycetaceae (0.04%), and totaling to 85.1% of the total 
sample relative abundances. Third generation adult mosquitoes that emerged from DI water 
(ControlAG3) showed the highest abundance in Anaplasmataceae (29.8%), followed by 
Burkholderiaceae (24.6%), Sphingobacteriaceae (5.0%), Pseudomonadaceae (2.2%), 
Nocardioidaceae (2.1%), Chitinophagaceae (1.9%), Sphingomonadaceae (1.4%), Rhizobiaceae 
(1.2%), Enterobacteriaceae (0.3%), Azospirillaceae (0.2%), Weeksellaeae (0.1%), and 
Actinomycetaceae (0%), totaling to 68.7% of the total sample relative abundances. 
First generation adult mosquitoes that emerged from M. ulcerans water (MUAG1) 
showed the highest abundance in Anaplasmataceae (79.4%), followed by Burkholderiaceae 
(3.8%), Azospirillaceae (2.5%), Sphingomonadaceae (2.2%), Chitinophagaceae (1.8%), 
Rhizobiaceae (1.5%), Weeksellaeae (1.4%), Nocardioidaceae (1.3%), Pseudomonadaceae 
(0.6%), Enterobacteriaceae (0.5%), Sphingobacteraceae (0.3%), Actinomycetaceae (<0.01%), 
totaling to 95.3% of the total sample relative abundances. Second generation M. ulcerans adults 
(MUAG2) showed the highest abundance in Anaplasmataceae (87.0%), followed by 
Chitinophagaceae (2.0%), Burkholderiaceae (1.4%), Weeksellaeae (0.8%), Azospirillaceae 
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(0.8%), Sphingomonadaceae (0.6%), Sphingobacteraceae (0.6%), Rhizobiaceae (0.5%), 
Enterobacteriaceae (0.2%), Nocardioidaceae (0.1%), Pseudomonadaceae (0.07%), and 
Actinomycetaceae (0%), totaling to 94.1% of the total sample relative abundances. Third 
generation adults M. ulcerans adults (MUAG3) showed the highest abundance in Weeksellaeae 
(20.7%), followed by Anaplasmataceae (15.1%), Chitinophagaceae (5.3%), Burkholderiaceae 
(3.1%), Sphingomonadaceae (2.5%), Sphingobacteraceae (1.5%), Rhizobiaceae (1.2%), 
Enterobacteriaceae (0.8%), and Pseudomonadaceae (0.3%), Nocardioidaceae (0.1%), 
Azospirillaceae (0.01%), Actinomycetaceae (0%), totaling to 50.6% of the total sample relative 
abundances. 
As for differential abundances, Actinomycetaceae and Nocardioidaceae were statistically 
different in generation 1, which suggests possible short-lived effects. Additionally, 




Table 3.7 Differential abundances of the top 12 adult microbiome families 
Family CAG1vMUAG1 CAG2vMUAG2  CAG3vMUAG3 
Actinomycetaceae 0.0 v. 1037.9 
(p<0.001) 
18.7 v. 0.0 
(p=0.363)  
0.0 v. 0.0 
Anaplsmataceae 85132.0 v. 38764.1 
(p=0.284) 
26366.5 v. 41061.5 
(p=0.578) 
5223.7 v. 1427 
(p=0.022) 
Azospirillaceae 242.5 v. 1231.7 
(p=0.080) 
10114.0 v. 358.7 
(p=0.400) 
40.33 v. 0.0 
(p=0.192) 
Burkholderiaceae 10377.3 v. 2307.3 
(p=0.407)  
3756.4 v. 571.6 
(p=0.375) 
4323.0 v. 291.3 
(p=0.300) 
Chitinophagaceae 403.3 v. 951.0 
(p=0.109) 
1195.0 v. 935.2 
(p=0.761)  
325.7 v. 496.3 
(p=0.246) 
Enterobacteriaceae 201.8 v. 1411.2 
(p=0.528) 
139.5 v. 98.2 
(p=0.601) 
48.3 v 76.3 
(p=0.544) 
Nocardioidaceae 47.2 v. 831.7 
(p=0.022)  
61.33 v. 59.2 
(p=0.969) 
373.3 v. 12.3 
(p=0.544) 
Pseudomonadaceae 315.3 v. 628.4 
(p=0.672) 
293.2 v. 32.4 
(p=0.298) 
385.7 v. 28.7 
(p=0.276) 
Rhizobiaceae 402.3 v. 749.1 
(p=0.428) 
85.0 v. 224.7 
(p=0.267) 
204.0 v. 109.3 
(p=0.520) 
Sphingobacteriaceae 1797.5 v. 210.3 
(p=0.187)  
682.3 v. 295.2 
(p=0.525) 
877.3 v. 145.7 
(p=0.360) 
Sphingomonadaceae 178.0 v. 1188.8 
(p=0.006) 
281.3 v. 309.7 
(p=0.862) 
243.0 v. 231.3 
(p=0.901) 
Weeksellaceae 2955.2 v. 1279.3 
(p=0.348) 
100.0 v. 381.8 
(p=0.157) 
20.6 v. 1947.3 
(p=0.420)  
Differential abundances of the top 12 taxa are displayed with the comparisons between 
generations. All white boxes are insignificant comparisons that are similar between the M. 
ulcerans and control adults. Light red boxes signify that the M. ulcerans samples for that family 
are higher than the control samples. Bright red boxes with white fonts signify that the M. 
ulcerans samples for that family are significantly higher than the control samples. Light green 
boxes signify that the control samples for that family are higher than the M. ulcerans samples. 
Bright green boxes with white fonts signify that the control samples are significantly higher than 






Figure 3.18 Genus level microbiome relative abundance in adult mosquitoes 
ControlAG1: first generation adult mosquito emerged from DI water, ControlAG2: second 
generation adult mosquito emerged from DI water, ControlAG3: third generation adult 
mosquito emerged from DI water. MUAG1: first generation adult mosquito emerged from M. 
ulcerans water, MUAG2: second generation adult mosquito emerged in DI water after prior 
generation emerged from M. ulcerans water, MUAG3: third generation adult mosquito emerged 
in DI water after two generations prior emerged from M. ulcerans water.  
The top 12 genera of adults reared in DI water versus those reared in water with the 
addition of M. ulcerans are shown in Figure 3.18. First generation adults that emerged from DI 
water (ControlAG1) showed the highest abundance in Wolbachia (75.8%), followed by 
Ralstonia (5.03%), Actinomyces (1.9%), Aquabacterium (1.2%), Elizabethkingia (1.1%), 
Pedobacter (1.1%), Pseudomonas (1.0%), Azospirillum (0.9%), Aeromicrobium (0.7%), 
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Sediminibacterium (0.7%), Sphingomonas (0.6%), Variovorax (0.2%) totaling to 90.3% of the 
total sample relative abundance. Second generation adults that emerged from DI water 
(ControlAG2) showed the highest abundance in Wolbachia (66.8%), followed by Azospirillum 
(10.5%), Aquabacterium (3.0%), Pedobacter (1.6%), Variovorax (0.8%), Pseudomonas (0.7%), 
Sediminibacterium (0.5%), Sphingomonas (0.4%), Ralstonia (0.4%), Elizabethkingia (0.2%), 
Actinomyces (0.05%), and Aeromicrobium (<0.01%), totaling to 85.0% of the total sample 
relative abundance. Third generation adults that emerged from DI water (ControlAG3) showed 
the highest abundance in Wolbachia (33.9%), followed by Variovorax (13.4%) Aquabacterium 
(9.5%), Pedobacter (4.9%), Pseudomonas (2.5%), Sphingomonas (1.06%), Sediminibacterium 
(0.8%), Ralstonia (0.3%), Elizabethkingia (0.1%), Azospirillum (0.01%), Actinomyces (0%), and 
Aeromicrobium (0%), totaling to 66.4% of the total sample relative abundance. 
First generation adults that emerged from M. ulcerans water (MUAG1) showed the 
highest abundance in Wolbachia (79.8%), followed by Azospirillum (2.5%), Ralstonia (1.8%), 
Elizabethkingia (1.3%), Aeromicrobium (1.3%), Sediminibacterium (1.3%), Sphingomonas 
(1.1%), Pseudomonas (0.6%), Variovorax (0.4%), Aquabacterium (0.2%), Pedobacter (0.05%), 
and Actinomyces (<0.01%), totaling to 90.3% of the total sample relative abundance. Second 
generation M. ulcerans adults (MUAG2) showed the highest abundance in Wolbachia (89.2%), 
followed by Azospirillum (0.8%), Elizabethkingia (0.6%), Sphingomonas (0.5%), Ralstonia 
(0.4%), Sediminibacterium (0.4%), Pedobacter (0.4%), Variovorax (0.1%), Pseudomonas 
(0.07%), Aquabacterium (0.03%), Actinomyces (0%), and Aeromicrobium (0%), totaling to 
92.5% of the total sample relative abundance. Third generation M. ulcerans adults (MUAG3) 
showed the highest abundance in Elizabethkingia (26.1%), followed by Wolbachia (19.1%), 
Sphingomonas (2.1%), Pedobacter (1.4%), Ralstonia (0.8%), Sediminibacterium (0.8%), 
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Pseudomonas (0.4%), Aquabacterium (0.1%), Variovorax (0.1%), Azospirillum (0.01%), 
Actinomyces (0%), Aeromicrobium (0%), totaling to 50.9% of the total sample relative 
abundance.  
3.2.6 Adult Microbiome Alpha and Beta Diversity Across Treatment and Generation  
No differences were found with richness or evenness across treatments or generations 
(p=1.0 across all treatments and generations, Figures 3.19 and 3.20). 
PCoA of β-diversity comparison using Bray-Curtis dissimilarity revealed no significant 
separation of microbial communities based on treatment (p=0.7, Figure 21 and Table 3.8). While 
there was no significant difference between generations 1 and 2 (p=0.35) and between 





Figure 3.19 Chao 1 bias-corrected along with Kruskal-Wallis p-value of adult mosquito 
microbiomes across treatment and generation 
ControlAG1: first generation adult mosquito emerged from DI water, ControlAG2: second 
generation adult mosquito emerged from DI water, ControlAG3: third generation adult 
mosquito emerged from DI water. MUAG1: first generation adult mosquito emerged from M. 
ulcerans water, MUAG2: second generation adult mosquito emerged in DI water after prior 
generation emerged from M. ulcerans water, MUAG3: third generation adult mosquito emerged 




Figure 3.20 Shannon diversity index and Kruskal-Wallis p-value of adult mosquito 
microbiomes across treatment and generation 
ControlAG1: first generation adult mosquito emerged from DI water, ControlAG2: second 
generation adult mosquito emerged from DI water, ControlAG3: third generation adult 
mosquito emerged from DI water. MUAG1: first generation adult mosquito emerged from M. 
ulcerans water, MUAG2: second generation adult mosquito emerged in DI water after prior 
generation emerged from M. ulcerans water, MUAG3: third generation adult mosquito emerged 




Figure 3.21 Bray-Curtis dissimilarity for adult mosquito microbiomes across treatment and 
generation 
Lime green dots represent the control samples while purple dots represent M. ulcerans reared 






Table 3.8 PERMANOVA based on Bray-Curtis dissimilarity for adult mosquito 
microbiomes 
Variable Groups Pseudo-f statistic p-value 
Treatment MU, Control 0.77595 0.65512 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
MU Control 0.72635 0.84011 0.84011 
     
Variable Groups Pseudo-f statistic p-value 
Generation 1, 2, 3 2.28976 0.00341 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
1 2 1.56393 0.11707 0.35121 
1 3 3.26808 0.00176 0.00528 
2 3 1.91097 0.03271 0.09813 





3.2.7 M. ulcerans Impacted and Control Microbiome Partitioning in Internal Versus 
External Anatomic Locations in Larvae Across Generations 
3.2.7.1 Family and Genus Level Relative Abundance in Whole Versus Surface-
Sterilized (Internal) M. ulcerans Reared Larval Samples 
 
Figure 3.22 Family level microbiome relative abundance in M. ulcerans reared whole versus 
surface-sterilized (internal) larval samples  
Whole body is used to represent the relative abundances of the entire carcass, while internal is 
used to refer to solely the internal microbiome of the surface-sterilized larvae. All larvae were 
reared in M. ulcerans water, and the internal microbiome was obtained by surface-sterilizing the 
external surface.  
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The top 12 families of whole versus internal relative abundances larvae reared in water 
with the addition of M. ulcerans are shown in Figure 3.22. Whole body larvae reared in M. 
ulcerans water showed the highest abundance in Paenibacillaceae (19.3%), followed by 
Beijerinckiaceae (16.0%), Anaplasmataceae (13.7%), Burkholderiaceae (10.4%), Azospirillaceae 
(9.4%), Sphingobacteriaceae (3.9%), Chitinophagaceae (3.4%), Mycobacteriaceae (3.3%), 
Rhizobiaceae (3.0%), Nocardiaceae (1.9%), JG30-KF-CM45 (1.9%), and Pleoorphomonadaceae 
(0.04%), totaling to 86.02% of the total sample relative abundances. The internal microbiomes 
of larvae reared in M. ulcerans water showed were most abundant in in Anaplasmataceae 
(27.4%), Rhizobiaceae (11.4%), Mycobacteriaceae (10.1%), JG30-KF-CM45 (7.4%), 
Pleomorphomonadaceae (5.5%), Beijerinckiaceae (5.3%), Chitinophagaceae (5.0%), 
Nocardiaceae (4.9%), Sphingobacteriaceae (4.7%), Paenibacillaceae (3.04%), Burkholderiaceae 




Figure 3.23 Genus level microbiome relative abundance in M. ulcerans reared whole versus 
surface-sterilized (internal) larval samples  
Whole body is used to represent the relative abundances of the entire carcass, while internal is 
used to refer to solely the internal microbiome of the surface-sterilized larvae. All larvae were 
reared in M. ulcerans water, and the internal microbiome was obtained by surface-sterilizing the 
external surface.  
 
The top 10 genera of whole versus internal relative abundances larvae reared in water 
with the addition of M. ulcerans are shown in Figure 3.23. Whole body larvae reared in M. 
ulcerans water showed the highest abundance in Paenibacillus (19.7%), followed by 
Methylobacterium (15.4%), Wolbachia (14.0%), Azospirillum (9.6%), Ralstonia (6.7%), 
Mycobacterium (3.4%), Pedobacter (3.2%), Allorhizobium-Neorhizobium-Pararhizobium-
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Rhizobium (2.6%), Gordonia (1.9%), and Bosea (0.8%), totaling to 77.2% of relative abundances 
in the sample. Internal relative abundances for larvae reared in M. ulcerans water showed the 
highest abundance in Wolbachia (33.4%), followed by Mycobacterium (12.4%), Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium (6.7%), Gordonia (5.9%), Pedobacter (5.5%), Bosea 
(4.8%), Paenibacillus (3.7%), Methylobacterium (1.2%), Ralstonia (0.3%), and Azospirillum 
(0.1%), totaling to 73.9% of relative abundances in the sample.  
3.2.7.2 Alpha and Beta Diversity Among M. ulcerans Reared Whole Versus Surface-
Sterilized Larval Samples 
No differences were found with richness or evenness between whole versus surface-
sterilized (internal) larval samples (p=0.7, p=0.1 respectively, Figure 3.24 and 3.25).  
PCoA of β-diversity comparison using Bray-Curtis dissimilarity revealed significant 
separation of microbial communities based on body location samples (p=0.007 for whole versus 
internal, Figure 3.26 and Table 3.9). additionally, there was significant separation based on 




Figure 3.24 Chao 1 bias-corrected along with Kruskal-Wallis p-value of whole versus surface-
sterilized (internal) M. ulcerans reared larval microbiomes 
Whole body is used to represent the relative abundances of the entire carcass, while internal is 
used to refer to solely the internal microbiome of the surface-sterilized larvae. All larvae were 
reared in M. ulcerans water, and the internal microbiome was obtained by surface-sterilizing the 





Figure 3.25 Shannon diversity index and Kruskal-Wallis p-value of whole versus surface-
sterilized (internal) M. ulcerans reared larval microbiomes 
Whole body is used to represent the relative abundances of the entire carcass, while internal is 
used to refer to solely the internal microbiome of the surface-sterilized larvae. All larvae were 
reared in M. ulcerans water, and the internal microbiome was obtained by surface-sterilizing the 





Figure 3.26 Bray-Curtis dissimilarity for whole and surface-sterilized (internal) M. ulcerans 
reared larvae 
The lime green dots represent whole body microbiome of M. ulcerans reared larvae while the 
purple dots represent internal microbiota of surface-sterilized M. ulcerans reared larvae. The 
number to the right of each dot represents the generation. Whole body is used to represent the 
relative abundances of the entire carcass, while internal is used to refer to solely the internal 
microbiome of the surface-sterilized larvae. All larvae were reared in M. ulcerans water, and the 




Table 3.9 PERMANOVA based on Bray-Curtis dissimilarity for whole and surface-sterilized 
(internal) M. ulcerans reared larvae 
Variable Groups Pseudo-f statistic p-value 
BodyPart Whole, Internal 2.07931 0.00774 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
Whole Internal 2.07931 0.00774 0.00774 
 
Variable Groups Pseudo-f statistic p-value 
Generation  1, 2, 3 1.74702 0.00103 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
1 2 2.18191 0.00972 0.02916 
1 3 2.26573 0.01044 0.03132 
2 3 1.66362 0.05330 0.15989 




3.2.7.3 Family and Genus Level Relative Abundance in Whole Versus Surface-
Sterilized (Internal) DI Water Reared Larval Samples 
 
 
Figure 3.27 Family level relative abundance in whole versus surface-sterilized (internal) larvae 
reared in DI water 
Whole body is used to represent the relative abundances of the entire carcass, while internal is 
used to refer to solely the internal environment of the surface-sterilized larvae. Both were reared 
in DI water.  
The top 12 families of whole versus internal relative abundances larvae reared in DI 
water are shown in Figure 3.27. Whole body larvae reared in DI water showed the highest 
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abundance in Chitinophagaceae (17.0%), followed by Anaplasmataceae (15.8%), Nocardiaceae 
(10.7%), Burkholderiaceae (7.9%), Beijerinckiaceae (7.3%), Sphingobacteriaceae (5.2%), 
Rhizobiaceae (5.2%), Paenibacillaceae (5.1%), Sphingobacteriaceae (5.2%), Rhizobiaceae 
(5.2%), Paenibacillaceae (5.1%), Xanthobacteraceae (4.1%), Microbacteriaceae (1.7%), 
Micrococcaceae (0.9%), and Enterobacteriaceae (0.5%), totaling to 81.5% of the total sample 
relative abundances. Relative abundances of the internal larval body were highest in 
Enterobacteriaceae (34.5%), followed by Anaplasmataceae (20.02%), Burkholderiaceae (12.6%), 
Paenibacillaceae (5.3%), Chitinophagaceae (3.3%), Sphingobacteriaceae (3.2%), 
Micrococcaceae (2.7%), Rhizobiaceae (2.2%), Beijerinckiaceae (2.1%), Microbacteriaceae 
(1.5%), Xanthobacteriaceae (0.6%), and Nocardiaceae (0.05%), totaling to 88.21% of the total 




Figure 3.28 Genus level microbiome relative abundance in whole versus surface-sterilized 
(internal) larvae reared in DI water  
Whole body is used to represent the relative abundances of the entire carcass, while internal is 
used to refer to solely the inside environment of the surface-sterilized larvae. Both were reared in 
DI water.  
The top 12 genera of whole versus internal relative abundances larvae reared in DI water 
are shown in Figure 3.28. Whole body larvae reared in DI water showed the highest abundance 
in Wolbachia (18.6%), followed by Gordonia (12.5%), Paenibacillus (6.01%), 
Methylobacterium (5.4%), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (4.5%), 
Pedobacter (4.05%), Tsukubamonas globose (3.7%), Ralstonia (3.4%), Enterobacter (0.2%), 
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and Klebsiella (0.06%), totaling to 58.6% of the total sample relative abundances reported. The 
internal environment of larvae reared in DI water showed the highest abundance in Wolbachia 
(22.5%), Enterobacter (20.7%), Ralstonia (9.6%), Klebsiella (8.3%), Paenibacillus (6.0%), 
Pedobacter (3.4%), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (1.8%), 
Tsukubamonas globose (1.6%), Methylobacterium (0.6%), and Gordonia (0.04%), totaling to 
74.5% of the total sample relative abundances reported.  
3.2.7.4 Alpha and Beta Diversity Among DI Water Reared Whole Versus Surface-
Sterilized Larval Samples 
No differences were found with richness or evenness between whole versus surface-
sterilized (internal) larval samples (p=0.3, p=0.6 respectively, Figure 3.29 and 3.30).  
PCoA of β-diversity comparison using Bray-Curtis dissimilarity revealed significant 
separation of microbial communities based on body location samples (p=0.008 for whole versus 
internal, Figure 3.31 and Table 3.10). Additionally, there was significant separation based on 





Figure 3.29 Chao 1 bias-corrected along with Kruskal-Wallis p-value of whole versus surface-
sterilized (internal) microbiomes from larvae reared in DI water 
Whole body is used to represent the relative abundances of the entire carcass, while internal is 





Figure 3.30 Shannon diversity index and Kruskal-Wallis p-value of whole versus surface-
sterilized (internal) microbiomes from larvae reared in DI water 
Whole body (green, right) is used to represent the relative abundances of the entire carcass, 
while internal (blue, left) is used to refer to solely the inside environment of the surface-





Figure 3.31 Bray-Curtis dissimilarity for whole versus surface-sterilized (internal) 
microbiomes from larvae reared in DI water 
The lime green dots represent whole body control larvae, while the purple dots represent internal 
microbiota of surface-sterilized larvae. The number next to the dots represents the generation of 
those samples. Whole body is used to represent the relative abundances of the entire carcass, 
while internal is used to refer to solely the inside environment of the surface-sterilized larvae. 





Table 3.10 PERMANOVA based on Bray-Curtis dissimilarity of whole versus surface-
sterilized (internal) microbiomes from larvae  
Variable Groups Pseudo-f statistic p-value 
BodyPart Whole, Internal, 
Internal 
1.83574 0.00056 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
Whole Internal 2.26214 0.00259 0.00777 
Internal  Internal 1.24919 0.07692 0.23077 
 
Variable Groups Pseudo-f statistic p-value 
Generation 1, 2, 3 2.12241 0.00034 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
1 2 2.05476 0.00744 0.002232 
1  3 2.32361 0.02198 0.06593 
2 3 2.06082 0.01099 0.03297 











3.2.8 M. ulcerans Impacted and Control Microbiome Partitioning in Internal Versus 
External Anatomic Locations in Adult Across Generations 
3.2.8.1 Family and Genus Level Relative Abundance in Whole Versus Surface-
Sterilized (Internal) and Dissected M. ulcerans Reared Adult Samples 
 
 
Figure 3.32 Family level microbiome relative abundance of whole versus surface-sterilized and 
dissected samples from M. ulcerans reared adult mosquitoes 
Whole body is used to refer to the relative abundances of the entire undissected mosquito body 
of M. ulcerans adults, while abdomen is used to refer to the relative abundance of the surface-
sterilized dissected abdomen, and head-thorax is to refer to the relative abundance of the 
surface-sterilized dissected head and thorax together.  
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The 10 most abundant families of whole versus abdomen versus head-thorax of M. 
ulcerans reared adults is shown in Figure 3.32. Whole body surface-sterilized M. ulcerans 
mosquitoes showed highest abundance in Anaplasmataceae (89.3%), followed byWeeksellaceae 
(2.3%), Chitinophagaceae (1.07%), Burkholderiaceae (0.9%), Sphingomonadaceae (0.4%), 
Chthoniobacteraceae (0.3%), Xanthobacteraceae (0.3%), Pyrinomonadaceae (0.3%), 
Gemmatimonadaceae (0.2%), and Enterobacteriaceae (0.2%), totaling to 95.2% of the total 
relative abundances in this sample.  
Surface-sterilized dissected abdomens of adult M. ulcerans mosquitoes showed highest 
abundance in Anaplasmataceae (66.3%), followed by Weeksellaceae (20.9%), 
Enterobacteriaceae (1.7%), Chitinophagaceae (1.2%), Xanthobacteraceae (0.9%), 
Chthoniobacteraceae (0.6%), Burkholderiaceae (0.5%), Pyrinomonadaceae (0.4%),  
Sphingomonadaceae (0.4%), and Gemmatimonadaceae (0.4%), totaling to 93.2% of the total 
relative abundances in this sample.  
Surface-sterilized dissected head-thoraxes of adult M. ulcerans mosquitoes showed 
highest abundance in Weeksellaceae (28.6%), followed by Anaplasmataceae (16.6%), 
Chitinophagaceae (6.5%), Xanthobacteraceae (4.2%), Burkholderiaceae (1.9%), 
Enterobacteriaceae (0.4%), Chthoniobacteraceae (2.2%), Sphingomonadaceae (2.2%), 
Pyrinomonadaceae (1.8%), and Gemmatimonadaceae (1.8%), totaling to 66.4% of the total 





Figure 3.33 Genus level microbiome relative abundance of whole versus surface-sterilized 
(internal) and dissected samples from M. ulcerans reared adults  
Whole body is used to refer to the relative abundances of the entire undissected mosquito body 
of M. ulcerans adults, while abdomen is used to refer to the relative abundance of the surface-
sterilized dissected abdomen, and head-thorax is to refer to the relative abundance of the 
surface-sterilized dissected head and thorax together 
The 11 most abundant genera of whole versus abdomen versus head-thorax of M. 
ulcerans reared adults is shown in Figure 3.33. Whole body surface-sterilized M. ulcerans 
mosquitoes showed highest abundance in Wolbachia (91.07%), followed by Elizabethkingia 
(2.2%), Ralstonia (0.4%), Sphingomonas (0.3%), Candidatus Udaeobacter (0.3%), RB41 
(0.3%), Sediminibacterium (0.2%), Gemmatimonas (0.1%), Pseudomonas (0.07%), Enterobacter 
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(0.05%), and Brevundimonas (0.04%), with these genera making up 95.02% of the total sample 
relative abundances.  
Dissected surface-sterilized abdomens of M. ulcerans adults showed highest abundance 
in Wolbachia (68.3%), followed by Elizabethkingia (21.5%), Enterobacter (1.5%), Candidatus 
Udaeobacter (0.5%), Sediminibacterium (0.8%), RB41 (0.4%), Sphingomonas (0.3%), 
Pseudomonas (0.3%), Gemmatimonas (0.2%), Brevundimonas (0.1%), and Ralstonia (0.05%), 
with these genera making up 93.9% of the total sample relative abundances.  
Dissected surface-sterilized head-thoraxes of M. ulcerans adults showed highest 
abundance in Elizabethkingia (33.1%), followed by Wolbachia (19.3%), Sediminibacterium 
(5.1%), Pseudomonas (2.4%), Candidatus Udaeobacter (2.3%), Brevundimonas (2.3%), RB41 
(2.1%), Sphingomonas (1.8%), Gemmatimonas (1.0%), and Ralstonia (0.4%), Enterobacter 
(0.09%), with these genera making up 69.8% of the total sample relative abundances.  
3.2.8.2 Alpha and Beta Diversity Among M. ulcerans Reared Whole Versus Surface-
Sterilized and Dissected Adult Samples 
No differences were found with richness or evenness between whole versus abdomen or 
head-thorax samples (p=1.0 across all samples, Figure 3.34 and 3.35).  
PCoA of β-diversity comparison using Bray-Curtis dissimilarity revealed significant 
separation of microbial communities based on body location samples (p=0.0001 for whole versus 
head-thorax and p=0.0002 for abdomen versus head-thorax, table 3.11); however, there was no 




Figure 3.34 Chao 1 bias-corrected along with Kruskal-Wallis p-value of whole versus surface-
sterilized (internal) abdomen or head-thorax microbiome samples from M. 
ulcerans reared adult mosquitoes 
 Whole body is used to refer to the entire undissected mosquito body of M. ulcerans adults, 
while abdomen is used to refer to the surface-sterilized dissected abdomen, and head-thorax is 





Figure 3.35 Shannon Diversity along with Kruskal-Wallis p-value of whole versus surface-
sterilized (internal) abdomen or head-thorax microbiome samples from M. 
ulcerans reared adults 
Whole body is used to refer to the entire undissected mosquito body of M. ulcerans adults, while 
abdomen is used to refer to the surface-sterilized dissected abdomen, and head-thorax is to 





Figure 3.36 Bray-Curtis dissimilarity for whole versus surface-sterilized (internal) abdomen or 
head-thorax microbiome samples from M. ulcerans reared adults 
Lime green dots represent the whole body of M. ulcerans reared adults. Purple dots represent the 
surface-sterilized abdomen of dissected M. ulcerans adults. Red dots represent the surface-
sterilized head-thorax of dissected M. ulcerans adults. The generations are represented by the 





Table 3.11 PERMANOVA based on Bray-Curtis dissimilarity for whole versus surface-
sterilized (internal) abdomen or head-thorax microbiome samples from M. 
ulcerans reared adults 
Variable Groups Pseudo-f statistic p-value 
BodyPart Whole, Abdomen, 
Head-Thorax 
3.44976 0.00002 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
Whole Abdomen 1.56966 0.10463 0.31389 
Whole Head-Thorax 4.09353 0.00006 0.00018 
Abdomen Head-Thorax 4.47206 0.00005 0.00015 
 
Variable Groups  Pseudo-f statistic p-value 
Generation 1, 2, 3 1.10135 0.29194 
Group 1 Group 2 Pseudo f-statistic p-value p-value 
(Bonferroni) 
1 2 0.82162 0.72332 1.00000 
1 3 1.41727 0.07811 0.23433 
2 3 0.88864 0.64867 1.0000 




3.2.8.3 Family and Genus Level Relative Abundance in Whole Versus Durface-




Figure 3.37 Family level microbiome relative abundance in whole versus surface-sterilized 
(internal) abdomen or head-thorax of adults reared in DI water.  
Whole body is used to refer to the relative abundances of the entire undissected mosquito body 
of control adults, while abdomen is used to refer to the relative abundance of the surface-
sterilized dissected abdomen, and head-thorax is to refer to the relative abundance of the 
surface-sterilized dissected head and thorax together. 
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The 10 most abundant families of whole versus abdomen versus head-thorax for surface-
sterilized control adults is shown in Figure 3.37. Whole body surface-sterilized control adults 
showed highest abundance in Anaplasmataceae (74.9%), followed by Burkholderiaceae (9.5%), 
Azospirillaceae (2.9%), Sphingobacteriaceae (1.9%), Weeksellaceae (1.3%), Chitinophagaceae 
(1.1%), Moraxellaceae (0.9%), Chthoniobacteraceae (0.4%), Xanthobacteraceae (0.3%), and 
Enterobacteriaceae (0.2%), with these families making up 93.4% of the total sample relative 
abundances.  
Abdomen only surface-sterilized control adults showed highest abundance in 
Anaplasmataceae (40.0%), followed by Enterobacteriaceae (23.8%), Weeksellaceae (6.1%), 
Moraxellaceae (4.3%), Chitinophagaceae (2.9%), Burkholderiaceae (2.2%), Xanthobacteraceae 
(2.0%), Sphingobacteriaceae (1.4%), and Chthoniobacteraceae (1.0%), and Azospirillaceae 
(0.10%), with these families making up 84.0% of the total sample relative abundances.  
Head-thoraxes of surface-sterilized control adults showed highest abundance in 
Enterobacteriaceae (20.8%), followed by Chitinophagaceae (7.7%), Xanthobacteraceae (5.4%), 
Moraxellaceae (4.9%), Burkholderiaceae (3.2%), Chthoniobacteraceae (3.2%), 
Sphingobacteriaceae (3.1%), Weeksellaceae (2.4%), Anaplasmataceae (1.8%), and 






Figure 3.38 Genus level microbiome relative abundance in whole versus surface-sterilized 
(internal) abdomen or head-thorax of adults reared in DI water.  
Whole body is used to refer to the relative abundances of the entire undissected mosquito body 
of control adults, while abdomen is used to refer to the relative abundance of the surface-
sterilized dissected abdomen, and head-thorax is to refer to the relative abundance of the 
surface-sterilized dissected head and thorax together. 
The 10 most abundant genera of whole versus abdomen versus head-thorax for surface-
sterilized control adults is shown in Figure 3.38. Whole body surface-sterilized control adults 
showed highest abundance in Wolbachia (77.1%), followed by Ralstonia (4.7%), Azospirillum 
(2.9%), Aquabacterium (2.6%), Pedobacter (1.8%), Elizabethkingia (1.3%), Acinetobacter 
(0.9%), Enterobacter (0.04%), Klebsiella (0.03%), and Kluyvera (0.02%), with these genera 
making up 91.4% of the total sample relative abundances.  
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Abdomens of surface-sterilized dissected control adults showed highest abundance in 
Wolbachia (44.7%), followed by Enterobacter (7.4%), Elizabethkingia (6.8%), Klebsiella 
(5.6%), Acinetobacter (4.7%), Kluyvera (4.2%), Pedobacter (0.4%), Ralstonia (0.2%), 
Aquabacterium (0.1%), and Azospirillum (0.02%), with these genera making up 74.1% of the 
total sample relative abundances. 
Head-thoraxes of surface-sterilized control adults showed highest abundance in 
Acinetobacter (6.2%), followed by Enterobacter (6.1%), Klebsiella (4.9%), Kluyvera (3.7%), 
Elizabethkingia (3.0%), Wolbachia (2.3%), Pedobacter (0.8%), Ralstonia (0.7%), 
Aquabacterium (0.2%), and Azospirillum (0.02%), with these genera making up 28.0 % of the 
total sample relative abundances. 
3.2.8.4 Alpha and Beta Diversity Among DI Water Reared Whole Versus Surface-
Sterilized (Internal) and Dissected Adult Samples 
No differences were found with richness or evenness between whole versus abdomen or 
head-thorax samples of surface-sterilized (internal) adult mosquitoes emerging from DI water 
(p=1.0 across all samples, Figures 3.39 and 3.40).  
PCoA of β-diversity comparison using Bray-Curtis dissimilarity revealed significant 
separation of microbial communities based on body location samples (p=0.01 for whole versus 
abdomen, p<0.001 between whole and head-thorax, p<0.001 for abdomen versus head-thorax, 
Figure 3.41). there was no significant separation between generations 1 and 2 (p=0.3), or 
between generations 1 and 3 (p=0.12), but there was a modestly significant difference between 





Figure 3.39 Chao 1 bias-corrected along with Kruskal-Wallis p-value of whole versus surface-
sterilized (internal) head-thorax and abdomen microbiome samples from adult 
mosquitoes emerged from DI water 
Whole body is used to refer to the relative abundances of the entire undissected mosquito body 
of control adults, while abdomen is used to refer to the relative abundance of the surface-
sterilized dissected abdomen, and head-thorax is to refer to the relative abundance of the 





Figure 3.40 Shannon Diversity along with Kruskal-Wallis p-value of whole versus surface-
sterilized (internal) head-thorax and abdomen microbiome samples from adult 
mosquitoes emerged from DI water 
Whole body is used to refer to the relative abundances of the entire undissected mosquito body 
of control adults, while abdomen is used to refer to the relative abundance of the surface-
sterilized dissected abdomen, and head-thorax is to refer to the relative abundance of the 





Figure 3.41 Bray-Curtis dissimilarity for whole versus surface-sterilized (internal) head-thorax 
and abdomen microbiome samples from adult mosquitoes emerged from DI water 
Lime green dots represent the whole body of M. ulcerans reared adults. Purple dots represent the 
surface-sterilized abdomen of dissected M. ulcerans adults. Red dots represent the surface-
sterilized head-thorax of dissected M. ulcerans adults. The generations are represented by the 




Table 3.12 PERMANOVA Bray-Curtis dissimilarity for whole versus surface-sterilized 
(internal) head-thorax and abdomen microbiome samples from adult mosquitoes 
emerged from DI water 
Variable Groups Pseudo-f statistic p-value 
BodyPart Whole, Abdomen, 
Head-Thorax 
3.88449 0.00001 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
Whole Abdomen 2.56360 0.00404 0.01212 
Whole Head-Thorax 5.57239 0.00001 0.00003 
Abdomen Head-Thorax 3.33325 0.00001 0.00003 
 
Variable Groups Pseudo f-statistic p-value 
Generation 1, 2, 3 1.58433 0.01293 
Group 1 Group 2 Pseudo-f statistic p-value p-value 
(Bonferroni) 
1 2 1.44016 0.08931 0.26793 
1 3 1.54695 0.04253 0.12759 
2 3 1.82615 0.01807 0.05421 
Body part as a variable is the top half and generation as a variable is the bottom half. 
3.3 Plating Results 
M7H10 agar plates for each sample were observed. None yielded M. ulcerans growth, 
and despite decontaminating with the Modified Petroff method, were overgrown with other, 




Figure 3.42 Example Modified Petroff plates.  
Contaminated plate photo of positive control (uninfected sample left in M. ulcerans culture for 
30 minutes). Pos control CNP2G1 is the top plate, Pos control CNP1G1 is the bottom plate. Both 
samples were cleaned utilizing the Modified Petroff method, spread on M7H10 agar 






Figure 3.43 Trio of contaminated plates.  
Left plate is CNL1G1, top right plate is CNL2G1, bottom right plate is CNL3G1. Samples were 
cleaned utilizing the Modified Petroff method, spread on M7H10 agar supplemented with OADC 
and kanamycin. 
 
3.4 Light Microscopy Results 
Light microscopy with environmental samples provides a smattering of results, and these 
results are no different. Most slides stained were able to be focused on the 100X objective lens, 
but not many had acid-fast bacilli visible. The samples that were found to have acid-fast bacilli 
upon 100X examination are as follows:  BMUL3G1, CNP1G1, DMUL2G1, and DMUL3G1. A 
 
127 
common observance found in microscope slides is in Figure 3.44, which shows adult mosquito 
scales. The lines and structure seen in this finding can also be seen in electron microscopy.  
   
 
Figure 3.44 Light microscopy for DMUA3G2.  
This figure represents a common finding when slides of adult mosquitoes were viewed after acid 
fast staining, which is scales from the mosquito’s body. Since the whole body is pulverized for 
staining, finding scales was not unexpected.  
 
3.5 GFP Microscopy Results 
A micrograph of M. ulcerans in culture is in Figure 3.45, while all other micrographs of 
samples are listed in Appendix D. Although GFP microscopy was meant to be an indicator of M. 
ulcerans presence, there were low levels of GFP visible in many samples, including a large 
amount of the control samples that were not expected to be positive. These sample counts can be 
found in Table 3.13.  
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Table 3.13 Quantities of samples observed and those positive using GFP microscopy 
 





 M. ulcerans 
generation 1  
Larva 11 12 91.7% 
Pupa  8 12 66.7% 
Adult  7 12 58.3% 
M. ulcerans 
generation 2 
Larva 3 6 50% 
Pupa  2 6 33.3% 
Adult  6 6 100% 
M. ulcerans 
generation 3 
Larva 5 6 83.3% 
Pupa  5 6 83.3% 
Adult  5 6 83.3% 
Control 
generation 1 
Larva 7 12 58.3% 
Pupa  10 12 83.3% 
Adult  6 12 50% 
Control 
generation 2 
Larva 4  6 66.7% 
Pupa 2 6 33.3% 
Adult  5 6 83.3% 
Control 
generation 3 
Larva 4 6 66.7% 
Pupa 3 6 50% 






Figure 3.45 M. ulcerans Parkin under a GFP microscope.  
Both scale bars read 200 µm. 
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CHAPTER IV  
DISCUSSION 
Mosquitoes have been suggested as a potential route of transmission for M. ulcerans 
leading to Buruli ulcer infection, and investigating this possible relationship further was the goal 
of these experiments. Previous studies have shown Culicidae positive at low levels for M. 
ulcerans DNA in a field study conducted in Ghana (Williamson et al., 2008). Furthermore, pools 
of wild-caught adult mosquitoes were found positive for M. ulcerans DNA in Southeastern 
(Johnson et al., 2007) and Northern Queensland, Australia (Singh et al., 2019), albeit with low 
maximum likelihood estimates of 4.3/1000 and 0.4/1000, respectively. Laboratory data have 
shown M. ulcerans maintained in mosquito larvae, and M. ulcerans DNA has also been detected 
in adult ground homogenates, exoskeletons, and legs of adult mosquitoes (Wallace et al., 2010). 
Finally, a transmission study in 2017 proved that mosquitoes could transmit M. ulcerans through 
mosquitoes biting M. ulcerans contaminated skin (Wallace et al., 2017). The latter two studies 
suggested a stronger role as a mechanical vector, rather than biological. In the study presented 
here, mosquito eggs were placed into water with M. ulcerans or DI water, and samples from all 
life stages were collected across up to three generations. We found that M. ulcerans presence and 
abundance was highest among larvae, and among first generation samples. M. ulcerans reared 
larvae showed 88.9% positivity with a mean concentration of 4.1x104 GU/sample, though 
positivity decreased by 62.5% and 91.3% and concentration decreased by two logs as mosquitoes 
continued through pupal and adult life stages, respectively. Though positivity and concentration 
 
131 
decreased, this study demonstrates that M. ulcerans was transstadially maintained in our 
mosquito populations. Although vector borne transmission of bacterial pathogens is well 
documented in other types of vectors (Walker et al., 1996), we found only one published study 
showing evidence of a transstadially maintained bacterial pathogen during the development of 
mosquitoes from larvae to adults. In this instance, mosquito larvae were exposed to Francisella 
tularensis for 24 hours then allowed to emerge into adults, where mice injected with these 
homogenates developed tularemia (Bäckman et al., 2015). What remains to be seen in our study 
is whether M. ulcerans bacteria were virulent, since cultures were GFP positive before 
inoculation. Despite multiple attempts, we were unable to recover M. ulcerans from any of the 
life stages due to fungal contamination, even after use of decontamination protocols. Mosquito 
antimicrobial peptides could also have prevented growth on media selected. Additionally, in 
vitro or in vivo models would be necessary to determine virulence through mosquito passage.  
Our study further showed that a low percentage of adult mosquitoes were positive within 
second and third generations (22% positivity in the second generation and 5.6% positivity in the 
third generation). Positive adult mosquito samples were from head-thorax and abdomen samples, 
suggesting a low-level positivity in head-thorax where the salivary glands are located and the 
abdomen where the gut is located. This study also differs from the Wallace et al. (2010) study 
mentioned above where M. ulcerans was only detected in adult homogenates, exoskeletons, and 
legs.  Reasons for differences between this study and the previous study could be due to 
differences in species or methodology selected. For instance, our study used qPCR that was able 
to detect low-level positivity that might have been beyond the sensitivity of the conventional 
PCR methods used in the previous study. As a protection against contamination, new cages and 
equipment were used for each treatment and subsequent mosquito generation in our study. 
 
132 
Further, one larval casing was positive among the second-generation samples, suggesting that M. 
ulcerans transfer occurred from the second-generation egg stage at least through the larval stage. 
Overall, these data suggest some possibility of M. ulcerans biological transmission and that the 
mosquito may play a role in dispersal by reintroducing M. ulcerans into environmental reservoirs 
and into susceptible hosts. Despite these findings, neither sample of our second-generation eggs, 
second-generation pupae or third-generation pupae were positive for M. ulcerans DNA.  Reasons 
for this are unknown and may include the lower sample size used for analyses. A possible theory 
for this occurring is carryover from the first-generation adults landing on the egg paper for 
oviposition. If mechanical transmission is occurring, as in Wallace et al. (2017), there is a remote 
possibility that the adults have pathogens on their body, such as their tarsi, and are then landing 
on the egg paper for oviposition and leaving behind an amount of the pathogens. Since the egg 
paper is moved straight from the previous cage into the new water without disinfection of any 
kind, the possibility exists that the pathogens are carried over via mechanical transmission.  
Successful transmission of pathogens depends on multiple complex interactions between 
a vector (or multiple vectors), the environment, the pathogen itself, and any susceptible hosts to 
be infected or inoculated. An additional unknown is vector competence for this species of 
mosquito with M. ulcerans, as vector competence has many variables involved and are not 
always able to be measured for an environmental pathogen such as M. ulcerans. Analysis of 
wild-caught mosquitoes from a Buruli ulcer endemic area in Southeastern Australia indicated the 
presence of M. ulcerans DNA in four different mosquito species (Johnson et al., 2007), in 
addition to the other two species found with M. ulcerans DNA in a different survey (Singh et al., 
2019). A. albopictus may have a different level of vector competence for M. ulcerans when 
multiple generations are reared, and this was not shown in a previous study investigating food 
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web interactions between mosquito larvae (including A. aegypti and A. albopictus) as primary 
consumers, Toxorhynchites rutilus as secondary consumers, and Belostomatidae as tertiary 
consumers (Wallace et al., 2010). Additionally, the interaction between the mosquito and an 
infected blood meal was not investigated further than simply providing a blood meal as a means 
to get the next generation, which is an additional variable in the equation of vector competence 
that needs to be investigated further in this disease system with other vectors. It is worth noting 
that a survey in Benin displayed zero M. ulcerans positives out of 4,322 samples of 10 species 
(Zogo et al., 2015); however, another study in Australia found a dose-dependent relationship 
between detection of M. ulcerans and the risk of human disease, while others still have surveyed 
Buruli ulcer patients for risk factors and found that more Buruli ulcer patients remember being 
bitten by insects than the case-controls (Lavender et al., 2011). Further, the use of bed nets and 
insect repellant have lowered risk of Buruli ulcer in Africa and Australia (Pouillot et al., 2007; 
Quek et al., 2007). Though relevance of mosquitoes as a biological vector of Buruli ulcer is still 
questionable with current data, mosquitoes could still be part of the transmission web as a 
mechanical vector since studies have found skin puncture is necessary for agent transmission 
leading to Buruli ulcer pathology (Williamson et al., 2014). An additional study has 
demonstrated that mechanical transmission via mosquito bite is possible in one of the species 
investigated and should be investigated for other species in a similar manner (Wallace et al., 
2017). Aside from precedence, our results suggest that mosquitoes could play an important part 
in the transmission web by maintenance of M. ulcerans in aquatic environments, as well as 
dispersal of the pathogen to new areas via repeated short-term flight or egg, larval, and pupal 
movement via flooding or rainwater.  
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An additional interesting finding to discuss is the microbiome differences across 
treatments, generations, and life stages. The data show distinct separation in the mosquito 
microbiomes across treatments (between controls and treatment), generations, and life stages, 
which all have individual community structures that are visible. Dissimilarity that was displayed  
in the first-generation larvae amplified and gradually grew more distinct until the third 
generations had their own distinct community structure, and a similar effect occurred between 
the first and third-generation in pupae; however, this effect ceased as the aquatic immatures 
became adults. The overall community diversity did not significantly change across life stages 
but was different between the control and treatment arms.  
 Further microbiome results display evidence that M. ulcerans significantly alters and 
shapes the host’s microbiome. The addition of one microbe can significantly change the 
microbiota of an organism, as large differences in the composition and structure of bacterial 
communities existed between life stages and treatments. When corrected for treatment, 
statistically significant differential abundances existed within and between control and M. 
ulcerans larvae and pupae, larvae and adults, as well as pupae and adult (Figure 4.1). Correcting 
for treatment, significant differential abundances were found between larvae and pupae among 
199 OTUs. M. ulcerans larval samples were dominated by several genera in addition to 
Mycobacterium, including Gordonia, Paenibacillus, Bacillus, Sediminibacterium, Clostridium, 
Methylobacterium, and Rhodopseudomonas. Larvae reared in DI water possessed statistically 
higher abundances in Enterobacteriaceae, Bukholderiaceae, Xanthobacteraceae, 




Figure 4.1 Statistically significant differential abundances based on life stages  
Venn diagram with data corrected for treatment. Numbers within circles represent differential 




Figure 4.2 Bonferroni corrected statistically significant differential abundance comparisons 
Venn diagram shows statistically significant (Bonferroni corrected) differential abundance 
pairwise comparisons between control and M. ulcerans reared mosquito larvae across 
generations. The numbers in the circles represent differential abundances between the pairwise 
comparisons.  
First-generation control and M. ulcerans reared larvae showed 149 significantly different 
abundances when compared (Figure 4.2). Second generation control and M. ulcerans reared 
larvae showed 43 significant abundances, which did not overlap with the first generation; 
however, there were no statistically significant differences in OTU abundance between the third-
generation control and M. ulcerans reared larvae. For this specific disease transmission 




mosquitoes and M. ulcerans, the microbiome has not been investigated between 
generations, but the succession in generational changes to the microbiome is clear. This also 
suggests that M. ulcerans mediated differences between the bacterial communities are less 
important as mosquitoes progress through generations. It would be interesting to carry out the 
experiment through further generations, as well as through constant M. ulcerans exposure, or 
with colonies in separate rooms within one facility. Whether these shifts in microbiome are due 
specifically to M. ulcerans presence, to mycolactone changes, or simply covarying during 
cycling through another generation of organisms is impossible to tell with the analyses selected 
and the tools at hand.  
Results from surface-sterilized samples revealed statistically significant differences 
between the whole and internal samples in both the control and M. ulcerans reared samples. 
Interestingly, the insect endosymbiont Wolbachia was found in almost equal abundance in the 
control larvae but in higher abundance in internal samples of M. ulcerans larvae. Mycobacterium 
was also found in higher percentages in M. ulcerans-reared larval samples, which stands to 
reason because their rearing water was deliberately inoculated with no other microbial agent. In 
adults, Wolbachia was more abundant in whole body samples in the control and treatment group, 
followed by the abdomen samples and lastly the head-thoraxes. Other notable differences include 
that Elizabethkingia and Sediminibacterium were both present in higher abundances within M. 
ulcerans reared adults than in control adults. The data presented from surface-sterilized samples 
compared to control samples highlights that M. ulcerans as a microbe is capable of shaping 
microbiomes in mosquitoes, and there are taxa in mosquitoes associated more often with some 
anatomical regions than others. Differential abundances of these microbes plausibly defined the 
overarching characteristics and differences in microbiome composition and structure of the 
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samples analyzed. Furthermore, physiological shifts in the digestive tract microecosystem could 
have promoted proliferation of Elizabethkingia and Sediminibacterium, as well as dampening 
proliferation of other microbes present in extremely small abundances.  
Aedes albopictus was selected for these experiments for multiple reasons, namely ease of 
rearing, high survival rates, probable geographic overlap with the disease system of interest, 
anthropophilic tendencies, and ecological factors that come into play in Western African areas of 
endemicity. A comprehensive entomological survey of Africa has not been done, as the task is 
monumental and would take significant funding and human effort. As for anthropophilic 
tendencies, a survey from Cameroon showed that 95% of the wild-caught blood fed A. albopictus 
females had ingested human blood, even when different kinds of animals were available 
(Kamgang et al., 2012). In terms of geographical factors intertwined with ecology, endemic areas 
of Buruli ulcer are typically far outside of main cities and hubs, and a study in Thailand found 
that A. albopictus larvae were present in greater percentages in rural traps than in urban traps 
(Tsuda et al., 2006). With an environmental microbe, it is especially relevant where all factors, 
namely ecology and geography, come together to make the transmission web possible. There are 
plausible interactions between the pathogen and the mosquito selected, which could make the 
entire system come together in a web of trophic relationships.  
Mosquito microbiomes themselves have been the topic of countless studies, including 
those focused on vector competence, host factors and ecology, and relevance of laboratory-based 
vector experiments. As with humans, mosquito microbiomes can be affected by sex, abiotic 
factors in the immature and adult environments, and life stage, among other things. Field caught 
mosquitoes have been compared to laboratory reared strains of multiple mosquitoes, including A. 
albopictus (Hegde et al., 2018), and more similarities were seen than previously thought when 
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previously comparing laboratory reared and wild-caught mosquitoes. Our results in these 
experiments overlap with others, specifically in what bacterial taxa were detected in the general 
microbiome, including Sphingomonadaceae, Enterobacteriaceae, Burkholderiaceae, 
Pseudomonas, and Wolbachia (Hegde et al., 2018).  
As with any other organism with rich bacterial communities, mosquitoes have their own 
set of endosymbionts that should be discussed and accounted for. Wolbachia is always 
mentioned in mosquito microbiomes, and for good reason. Wolbachia pipientis is an intracellular 
bacterium, and an incredibly common and relevant endosymbiont in insects and mosquitoes 
specifically (Bourtzis, 2008). Wolbachia has a variety of effects on mosquitoes, including 
cytoplasmic incompatibility and other reproductive impacts (Bourtzis, 2008). An effect aside 
from reproduction is resistance to certain arboviruses that are also intracellular pathogens (Bian 
et al., 2010). Because M. ulcerans is an intracellular pathogen in animals (Tobias et al., 2013) it 
is plausible that Wolbachia could have impacted M. ulcerans, as well as other intracellular 
microbes, or had a further downstream effect on other members of the microbiome.  
4.2 Limitations  
Laboratory experiments are inherently imperfect, and laboratory bound vector 
experiments are no different. Vector experiments are difficult to conduct, and even more difficult 
to compare to other experiments because every experiment is slightly different, but these 
seemingly insignificant factors could drastically alter the results. A large limitation of the present 
study is that M. ulcerans is an environmental pathogen that likely persists as a result of countless 
factors and interactions between other biotic organisms, and much of that is simply impossible to 
replicate in a laboratory environment. Many factors were not and cannot be included in this and 
many other experiments, but laboratory experiments are more intended as proof of concept and 
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possibility in disease systems rather than precise explanations for how disease webs work. This 
is especially true for an environmental pathogen such as M. ulcerans, where there is clearly no 
“simple” or “easy” explanation for transmission at this point, other than skin puncture. The web 
of interactions is obviously complex, which is why investigations have to continue and further 
studies have to be done.  
Vectors themselves are unpredictable and do not always cooperate even when provided 
with exceptional laboratory conditions. A condition that was unable to be accounted for or 
changed in this study was the humidity of the habitat. Mosquitoes typically exist in high  
humidity environments, and the humidity in this experiment was unusually low for mosquitoes.  
The consistently low humidity could have impacted results and survival of mosquitoes, which 
may not have been detected because a large number of mosquitoes and larvae did survive.  
Although unable to be changed, this is still a limitation and could have impacted the study.  
An additional possible limitation was that M. ulcerans was only inoculated once into the 
first generation of eggs. Because M. ulcerans is an environmental microbe, it is able to persist in 
the environment generally at semi-stable rate. A goal of the experiment was to analyze possible 
carryover and maintenance between generations, which likely would have happened 
automatically if every single immature generation/ rearing container was continuously inoculated 
with M. ulcerans. This would have been impossible to measure accurately because the pathogen 
would always be in the water, whether the second or third generation brought it with them or not, 
and any results claiming otherwise would be artificial.  
An additional possible limitation is the amount of M. ulcerans inoculated into the first 
generation of larvae. The amount of inoculum selected was chosen in an attempt to ensure the 
infection would show itself in the results and not be too dampened for detection using the 
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methods selected. It has been previously concluded that a low infectious dose is capable of 
causing Buruli ulcer pathology through mosquitoes (Wallace et al., 2017), but this experiment 
was intended to glean results from a slightly different set of experiments involving mice and 
involved no immature mosquitoes and only the one generation that was allowed to feed on mice. 
The initial draft of our experiments involved more than one species of mosquitoes (both an 
Anopheline and the current Culicine), the bacterial strain used in the experiment as well as a 
mycolactone negative mutant, and all according controls, along with measurements of gene 
expression; however, this is simply more to be investigated in future directions.   
An obvious limitation discussed in future directions is that the mosquitoes used in these 
experiments are laboratory reared mosquitoes that have been in captivity for over 25 years. There 
are certain traits and behaviors that wild mosquitoes of the same species still possess and have 
conceivably been gradually bred out of these mosquitoes over successive generations. It is 
impossible to correct for this factor without investing considerable time and resources 
establishing one’s own mosquito colonies.  
The last limitation to be discussed is that the bacteria used in these experiments are 
laboratory strains and may not be entirely representative of environmental or patient populations 
of M. ulcerans. Due to high contamination risk and the slow-growing nature of the bacterium, M. 
ulcerans is difficult to culture from environmental samples. Fungi and other bacteria that grow 
more quickly rapidly display themselves in cultures and overtake the cultures with mold and 
other growths. Even with the variety of decontamination methods and protocols out there 
intended to make culturing acid-fast organisms possible, it is still a very large difficulty to 
overcome.   
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4.3 Future Directions  
Further research beyond this study is necessary to continue to unravel the transmission 
web of M. ulcerans. Future investigations should include hypotheses regarding microbiome 
differences between sex of samples and if female or male mosquitoes have different 
perturbations in their microbiomes that make room for M. ulcerans proliferation or shaping of 
the microbiome. 
Though resource heavy and generally difficult, efforts should be made to establish 
colonies using different mosquito species proliferating in Australia and Western Africa. The 
strain of mosquito used in this study (MRA-804, BEI Resources) was donated by Sandra Allan to 
the USDA in 1992 and originated in Florida. This strain has been bred in captivity for over 25 
years, and utilizing a strain that was caught and established as a colony more recently might  
reveal different results. Additionally, Buruli ulcer is not endemic in the United States, more 
specifically Florida, so the ecology and microbiome of mosquitoes from Florida versus Australia, 
Benin, or Cameroon is likely drastically different, and could impact study outcomes. 
Establishing mosquito colonies from the wild is not always plausible but should be attempted for 
this specific disease system.  
 Additional directions should include further attempts to measure mechanical transmission 
of M. ulcerans. Although laboratory-based ecological experiments have their place and are not 
always entirely applicable to nature, proof of concept would be useful.  
4.4 Conclusions 
The study presented revealed significant effects of M. ulcerans on host microbiota across 
life stages, generations, and treatments, as well as suggestions that M. ulcerans can persist in 
host environmental samples to complete transstadial transmission. This provides support that M. 
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ulcerans could be capable of maintenance throughout the mosquito life cycle (transstadial 
transmission), and possible transmission through generations (transovarial transmission). The 
alternative hypothesis in this experiment proved to be true since M. ulcerans was detected 
outside of the first-generation M. ulcerans larvae, and there were indeed significant differences 
in taxa within the microbiomes that could play into the complex transmission web of Buruli 
ulcer. This study has opened multiple avenues of investigations and work to be done in the future 
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2/27/2020 28.4 15.0 
2/28/2020 28.8 16.0 
2/29/2020 28.6 16.0 
3/1/2020 29.1 20.0 
3/2/2020 29.5 26.0 
3/3/2020 29.3 27.0 
3/4/2020 29.7 27.0 
3/5/2020 28.8 25.0 
3/6/2020 28.7 18.0 
3/7/2020 28.8 14.0 
3/8/2020 28.8 15.0 
3/9/2020 28.8 22.0 
3/10/2020 29.1 25.0 
3/11/2020 29.3 26.0 
3/12/2020 29.8 26.0 
3/13/2020 30.1 26.0 
3/14/2020 29.4 26.0 
3/15/2020 29.7 25.0 
3/16/2020 28.3 26.0 
3/17/2020 28 29.0 
3/18/2020 28.7 32.0 
3/19/2020 29.1 32.0 
3/20/2020 28.9 31.0 
3/21/2020 27.6 30.0 
3/22/2020 28.1 29.0 
3/23/2020 28.7 31.0 













3/31/2020 29.3 27.0 
4/1/2020 29.1 25.0 
4/2/2020 29.3 24.0 
4/3/2020 29.2 25.0 
4/4/2020 29.5 26.0 
4/5/2020 29.9 26.0 
4/6/2020 30.1 26.0 
4/7/2020 29.9 28.0 









4/9/2020 30.3 29.0 
4/10/2020 29.6 22.0 
4/11/2020 29.1 21.0 
4/12/2020 29.1 27.0 
4/13/2020 28.9 26.0 
4/14/2020 28.2 22.0 
4/15/2020 27.7 17.0 
4/16/2020 28.9 19.0 
4/17/2020 28.9 21.0 
4/18/2020 29.3 23.0 
4/19/2020 29.7 24.0 
4/20/2020 29.2 27.0 
4/21/2020 29.3 25.0 
4/22/2020 29.8 26.0 
4/23/2020 29 25.0 
4/24/2020 29.7 25.0 
4/25/2020 29.5 23.0 
4/26/2020 29.4 29.0 
4/27/2020 29.5 22.0 
4/28/2020 29 28.0 
4/29/2020 30.1 23.0 
4/30/2020 29.6 28.0 
5/1/2020 30 23.0 
5/2/2020 29 31.0 
5/3/2020 30.5 25.0 
5/4/2020 30.8 26.0 
5/5/2020 29.8 29.0 
5/6/2020 29 31.0 
5/7/2020 29.6 20.0 
5/8/2020 30.5 29.0 
5/9/2020 29.5 20.0 
5/10/2020 29.8 25.0 
5/11/2020 29 31.0 
5/12/2020 29.9 21.0 
5/13/2020 29.1 29.0 
5/14/2020 30.2 25.0 
5/15/2020 29 28.0 
5/16/2020 28 21.0 
5/17/2020 29 26.0 
5/18/2020 30.1 29.0 
5/19/2020 30.8 24.0 
5/20/2020 31 29.0 
5/21/2020 29 30.0 
5/22/2020 31 25.0 
5/23/2020 30 26.0 
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5/24/2020 29 26.0 
5/25/2020 31.5 25.0 
5/26/2020 30.2 29.0 
5/27/2020 30.9 25.0 
5/28/2020 29 31.0 
5/29/2020 33 28.0 
5/30/2020 30.4 29.0 
5/31/2020 31 26.0 
6/1/2020 29 25.0 
6/2/2020 31 26.0 
6/3/2020 29 29.0 
6/4/2020 29.4 25.0 
6/5/2020 29 31.0 
6/6/2020 31 30.0 
6/7/2020 29.4 26.0 
6/8/2020 29.9 31.0 
6/9/2020 29.4 26.0 
6/10/2020 29 29.0 
6/11/2020 30 28.0 



















































































































































































































































































































































9/23/2020 26 36.0 
9/24/2020 29 36.0 
9/25/2020 30 36.0 
9/26/2020 29 36.0 
9/27/2020 28.5 39.0 
9/28/2020 28.2 38.0 
9/29/2020 27.2 33.0 
9/30/2020 27 36.0 
10/1/2020 27.4 33.0 
10/2/2020 26.5 37.0 
10/3/2020 26.1 31.0 
10/4/2020 26.4 33.0 
10/5/2020 27.3 34.0 
10/6/2020 27.1 32.0 
10/7/2020 28.1 34.0 
10/8/2020 29 41.0 
10/9/2020 29 39.0 
10/10/2020 29 38.0 
10/11/2020 28 41.0 
10/12/2020 29 45.0 
10/13/2020 29 39.0 
10/14/2020 29 34.0 
10/15/2020 29 31.0 
10/16/2020 29.4 34.0 
10/17/2020 29 39.0 
10/18/2020 29 44.0 
10/19/2020 29 49.0 
10/20/2020 29 36.2 
10/21/2020 28 39.0 
10/22/2020 29 48.0 
10/23/2020 29 42.0 
10/24/2020 29 39.0 
10/25/2020 28 42.0 
10/26/2020 29 41.0 
10/27/2020 29 43.0 
10/28/2020 29 39.0 
10/29/2020 29 45.0 
10/30/2020 29 41.0 
10/31/2020 29 30.8 
11/1/2020 29 32.0 
11/2/2020 29 23.0 
11/3/2020 29 22.0 
11/4/2020 29 28.0 
11/5/2020 29 34.0 
11/6/2020 29 36.0 
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11/7/2020 29 33.1 
11/8/2020 29 39.0 
11/9/2020 29 41.0 
11/10/2020 29 41.0 
11/11/2020 29 28.0 
11/12/2020 29 22.0 
11/13/2020 29 34.0 
11/14/2020 29 31.0 
11/15/2020 29 38.0 
11/16/2020 29 20.0 
11/17/2020 29 20.0 
11/18/2020 29 18.0 
11/19/2020 29 19.0 
11/20/2020 29 16.0 
11/21/2020 29 30.0 
11/22/2020 29 33.0 
11/23/2020 29 36.0 
11/24/2020 29 22.0 
11/25/2020 29 39.0 
11/26/2020 30 34.0 
11/27/2020 29 30.8 
11/28/2020 29 30.0 
11/29/2020 29 20.0 
11/30/2020 29 21.0 
12/1/2020 29 17.0 
12/2/2020 29 16.0 
12/3/2020 29 20.0 
12/4/2020 29 18.0 
12/5/2020 29 31.0 
12/6/2020 29 16.0 
12/7/2020 29 28.0 
12/8/2020 29 23.0 
12/9/2020 29 38.0 
12/10/2020 29 31.7 
12/11/2020 29 31.0 
12/12/2020 29 32.0 
12/13/2020 29 36.0 
12/14/2020 29 31.0 
12/15/2020 29 26.0 
12/16/2020 29 19.0 
12/17/2020 29 21.0 
12/18/2020 29 29.0 
12/19/2020 29 36.0 
12/20/2020 29 29.0 
12/21/2020 29 36.0 
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12/22/2020 29 30.0 
12/23/2020 29 34.0 
12/24/2020 29 28.0 
12/25/2020 29 31.0 
12/26/2020 29 15.0 
12/27/2020 29 20.0 
12/28/2020 29 25.0 
12/29/2020 29 36.0 
12/30/2020 29 31.0 
12/31/2020 29 34.0 
1/1/2021 29 35.0 
1/2/2021 29 26.0 
1/3/2021 29 34.0 
1/4/2021 29 36.0 
1/5/2021 29 30.0 
1/6/2021 29 36.0 
1/7/2021 29 31.0 
1/8/2021 29 22.0 
1/9/2021 29 31.0 
1/10/2021 29 19.0 
1/11/2021 29 29.0 
1/12/2021 29 21.0 
1/13/2021 29 22.0 
1/14/2021 29 21.0 
1/15/2021 29 22.0 
1/16/2021 29 18.0 
1/17/2021 29 22.0 
1/18/2021 29 25.0 
1/19/2021 29 25.0 
1/20/2021 29 29.0 
1/21/2021 29 30.0 
1/22/2021 29 36.0 
1/23/2021 29 19.0 
1/24/2021 29 22.0 
1/25/2021 29 29.0 
1/26/2021 29 31.0 
1/27/2021 29 35.0 
1/28/2021 29 31.0 
1/29/2021 29 25.0 
1/30/2021 29 21.0 
1/31/2021 29 36.0 
2/1/2021 29 36.0 
2/2/2021 29 25.0 
2/3/2021 29 24.0 
2/4/2021 29 18.0 
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2/5/2021 29 24.0 
2/6/2021 29 20.0 
2/7/2021 29 21.0 
2/8/2021 29 21.0 
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Table B.1 DNA quantification for all samples sequenced 











ANL1GI 4/29/2020 0.123 4/21/2020 5/26/2020 
 
ANL2GI 4/29/2020 3.3 3/10/2020 5/26/2020 9/18/2020 
ANL3GI 4/29/2020 0.74 3/10/2020 5/26/2020 9/18/2020 
ANP1GI 4/29/2020 1.57 3/15/2020 5/26/2020 9/18/2020 
ANP2G1 4/29/2020 2.95 3/16/2020 5/26/2020 9/18/2020 
ANP3GI 4/29/2020 9.07 3/17/2020 5/26/2020 9/18/2020 
MUL1G1 4/29/2020 2.43 3/10/2020 5/26/2020 9/18/2020 
MUL2G1 4/29/2020 2.79 3/9/2020 5/26/2020 9/18/2020 
MUL3G1 4/29/2020 1.21 3/9/2020 5/26/2020 9/18/2020 
MUP1G1 4/29/2020 4.81 3/9/2020 5/26/2020 9/18/2020 
MUP2G1 4/29/2020 3.77 3/9/3030 5/26/2020 
 
MUP3G1 4/29/2020 2.76 3/13/2020 5/26/2020 9/18/2020 
ANA1G1 5/29/2020 9.73 3/20/2020 2/25/2021 9/18/2020 
ANA2G1 5/29/2020 2.91 3/20/2020 2/25/2021 9/18/2020 
ANA3G1 5/29/2020 2.07 3/20/2020 2/25/2021 9/18/2020 
AMUA1G1 5/29/2020 4.13 3/16/2020 2/25/2021 
 
AMUA2G1 5/29/2020 2.41 3/16/2020 2/25/2021 9/18/2020 
AMUA3G1 5/29/2020 2.91 3/16/2020 2/25/2021 
 
BMUA1G1 6/5/2020 0.661 4/8/2020 6/20/2020   
BMUL1G1 6/5/2020 2.8 3/20/2020 6/20/2020 9/18/2020 
BMUL2G1 6/5/2020 3.07 3/20/2020 6/20/2020 9/18/2020 
BMUL3G1 6/5/2020 3.58 3/20/2020 6/20/2020 9/18/2020 
BMUP1G1 6/5/2020 11.9 3/20/2020 6/20/2020 9/18/2020 
BMUP2G1 6/5/2020 21.8 3/23/2020 6/20/2020 
 
BMUP3G1 6/5/2020 13.5 3/24/2020 6/20/2020 
 
BMUA deadG1 6/5/2020 2.62 3/31/2020 6/20/2020 9/18/2020 
BMUA deadG1 6/5/2020 0.933 3/31/2020 6/20/2020 
 
BMUA deadG1 6/5/2020 0.128 4/8/2020 6/20/2020 
 
BMUA deadG1 6/5/2020 0.0827 4/8/2020 6/20/2020 
 
BMUA deadG1 6/5/2020 5.29 4/8/2020 6/20/2020 9/18/2020 
AMUA DeadG1 6/5/2020 0.283 3/22/2020 6/20/2020 
 
BMULarvSheddG1 6/5/2020 0.136 4/7/2020 6/20/2020 
 
AMUAG1 dead 1 6/6/2020 0.0533 4/1/2020 6/20/2020 
 
AMUAG1 dead 2 6/6/2020 0.241 4/1/2020 6/20/2020 
 
AMUAG1 dead 3 6/6/2020 0.106 4/1/2020 6/20/2020 
 
AMUAG1 dead 4 6/6/2020 0.0933 4/1/2020 6/20/2020 
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AMUAG1 dead 6 6/6/2020 0.103 4/1/2020 6/20/2020 
 
BMULarvCasG1 6/6/2020 0.07 4/2/2020 6/20/2020 
 
BMUPupSheddG1 6/6/2020 0.117 4/7/2020 6/20/2020 
 
BMUAG1 dead 1 6/6/2020 0.106 4/7/2020 6/20/2020 
 
BMUAG1 dead 2 6/6/2020 1.01 4/7/2020 6/20/2020 
 
BMUAG1 dead 3 6/6/2020 0.0793 4/7/2020 6/20/2020 
 
BMUAG1 dead 4 6/6/2020 0.137 4/7/2020 6/20/2020 
 
BMU H2O  6/6/2020 0.0613 4/7/2020 6/20/2020 
 
AN H2O 6/6/2020 0.064 4/12/2020 9/22/20, 10/27/20, 
11/7/20 
AMU eggs (G2) 6/7/2020 0.214 4/9/2020 9/22/20, 10/27/20, 
11/7/20 
AMU H2O 6/7/2020 0.217 4/12/2020 9/22/20, 10/27/20, 
11/7/20 
AN eggs (G2) 6/7/2020 0.086 4/12/2020 9/22/20, 10/27/20, 
11/7/20 
BMUG2 eggs 6/7/2020 0.088 4/12/2020 9/22/20, 10/27/20, 
11/7/20 
ANG2PupShedd 6/7/2020 0.094 4/12/2020 9/22/20, 10/27/20, 
11/7/20 
uninfected L4 #1 6/7/2020 17.8 2/12/2020 9/22/20, 10/27/20, 
11/7/20 
uninfected L4 #2 6/7/2020 19 2/12/2020 9/22/20, 10/27/20, 
11/7/20 
uninfected L4 #3 6/7/2020 14.5 2/12/2020 9/22/20, 10/27/20, 
11/7/20 
uninfected L4 #4 6/7/2020 18 2/12/2020 9/22/20, 10/27/20, 
11/7/20 
uninfected pupa #1 6/7/2020 4.49 2/12/2020 9/22/20, 10/27/20, 
11/7/20 
uninfected pupa #2 6/7/2020 0.426 2/12/2020 9/22/20, 10/27/20, 
11/7/20 
uninfected pupa #3 6/7/2020 19.7 2/12/2020 9/22/20, 10/27/20, 
11/7/20 
uninfected dead 6/7/2020 1.22 3/10/2020 9/22/20, 10/27/20, 
11/7/20 
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ANG1PupShed 6/16/2020 TLTC 4/2/2020 9/22/20, 10/27/20, 
11/7/20 





















































CMUL1G1 10/14/2020 2.26 9/27/2020 2/23/2021 11/30/2020 
CMUL2G1 10/14/2020 2.05 9/27/2020 2/23/2021 11/30/2020 
CMUL3G1 10/14/2020 2.29 9/27/2020 2/23/2021 11/30/2020 
CNL1G1  10/14/2020 12.9 9/30/2020 2/23/2021 11/30/2020 
CNL2G1 10/14/2020 13.4 9/30/2020 2/23/2021 11/30/2020 
CNL3G1 10/14/2020 11 9/30/2020 2/23/2021 11/30/2020 
CMUP1G1 10/14/2020 11.2 10/1/2020 2/23/2021 11/30/2020 
CMUP2G1 10/14/2020 10.7 10/2/2020 2/23/2021 11/30/2020 
CMUP3G1 10/14/2020 6.67 10/2/2020 2/23/2021 11/30/2020 
CNP1G1 10/14/2020 6.54 10/3/2020 2/23/2021 11/30/2020 
CNP2G1 10/14/2020 5.76 10/4/2020 2/23/2021 11/30/2020 
CNP3G1 10/14/2020 4.59 10/4/2020 2/23/2021 11/30/2020 
CMUA1G1 10/14/2020 3.54 10/5/2020 2/23/2021 11/30/2020 
CMUA2G1 10/14/2020 3.92 10/6/2020 2/23/2021 11/30/2020 
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CMUA3G1 10/14/2020 3.99 10/6/2020 2/23/2021 11/30/2020 
CNA1G1 10/14/2020 5.62 10/7/2020 2/23/2021 11/30/2020 
CNA2G1 10/14/2020 2.2 10/7/2020 2/23/2021 11/30/2020 
CNA3G1 10/14/2020 5.93 10/7/2020 2/23/2021 11/30/2020 
CNL1G2 11/15/2020 11.8 11/2/2020 2/25/2021 11/30/2020 
CNL2G2 11/15/2020 6.73 11/2/2020 2/25/2021 11/30/2020 
CNL3G2 11/15/2020 12.6 11/2/2020 2/25/2021 11/30/2020 
CMUL1G2 11/15/2020 9.4 11/2/2020 2/25/2021 11/30/2020 
CMUL2G2 11/15/2020 TNTC - 
20.9 in 
380uL 
11/2/2020 2/25/2021 11/30/2020 
CMUL3G2 11/15/2020 27.2 11/2/2020 2/25/2021 11/30/2020 
CNP1G2 11/15/2020 5.56 11/5/2020 2/25/2021 11/30/2020 
CNP2G2 11/15/2020 5.17 11/5/2020 2/25/2021 11/30/2020 
CNP3G2 11/15/2020 6.93 11/5/2020 2/25/2021 11/30/2020 
CMUP1G2 11/15/2020 13.5 11/4/2020 2/25/2021 11/30/2020 
CMUP2G2 11/15/2020 19.8 11/4/2020 2/25/2021 11/30/2020 
CMUP3G2 11/15/2020 20.5 11/4/2020 2/25/2021 11/30/2020 
CNA1G2 11/15/2020 2.63 11/7/2020 2/25/2021 11/30/2020 
CNA2G2 11/15/2020 6.59 11/7/2020 2/25/2021 11/30/2020 
CNA3G2 11/15/2020 2.36 11/7/2020 2/25/2021 11/30/2020 
CMUA1G2 11/15/2020 2.39 11/10/2020 2/25/2021 11/30/2020 
CMUA2G2 11/15/2020 11.3 11/10/2020 2/25/2021 11/30/2020 
CMUA3G2 11/15/2020 9.93 11/10/2020 2/25/2021 11/30/2020 
SwabCMUG1a 12/2/2020 0.076 11/7/2020 2/24/2021 1/9/2021 
SwabCMUG1b 12/2/2020 0.139 11/7/2020 2/24/2021 1/9/2021 
SwabCNG1a 12/2/2020 0.2 11/7/2020 2/24/2021 1/9/2021 
SwabCNG1b 12/2/2020 0.248 11/7/2020 2/24/2021 1/9/2021 
CMUG1H2O 12/2/2020 0.044 11/7/2020 2/24/2021 1/9/2021 
CMUG1LarvShed 12/2/2020 TLTC 11/7/2020 2/24/2021 1/9/2021 
CMUG2H2O 12/2/2020 TLTC 11/7/2020 2/24/2021 1/9/2021 
CMUG2LarvShed 12/2/2020 0.113 11/7/2020 2/24/2021 1/9/2021 
CNG1H2O 12/2/2020 0.0527 11/7/2020 2/24/2021 1/9/2021 
CNG1LarvShed 12/2/2020 0.096 11/7/2020 2/24/2021 1/9/2021 
CNG2H2O 12/2/2020 0.048 11/7/2020 2/24/2021 1/9/2021 
CNG2LarvShed 12/2/2020 0.0633 11/7/2020 2/24/2021 1/9/2021 
DMUG1H2O 12/2/2020 TLTC 11/30/2020 2/24/2021 1/9/2021 
DMUG1LarvShed 12/2/2020 TLTC 11/30/2020 2/24/2021 1/9/2021 
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DNG1H2O 12/2/2020 TLTC 11/30/2020 2/24/2021 1/9/2021 
DNG1LarvShed 12/2/2020 TLTC 11/30/2020 2/24/2021 1/9/2021 
CNL1G1b 12/3/2020 4.29 11/30/2020 2/24/2021 1/9/2021 
CNL2G1b 12/3/2020 4.7 11/30/2020 2/24/2021 1/9/2021 
CNL3G1b 12/3/2020 2.09 11/30/2020 2/24/2021 1/9/2021 
CMUL1G1b 12/3/2020 0.63 11/30/2020 2/24/2021 1/9/2021 
CMUL2G1b 12/3/2020 0.469 11/30/2020 2/24/2021 1/9/2021 
CMUL3G1b 12/3/2020 7 11/30/2020 2/24/2021 1/9/2021 
CNL1G2b 12/3/2020 9 11/30/2020 2/24/2021 1/9/2021 
CNL2G2b 12/3/2020 2.71 11/30/2020 2/24/2021 1/9/2021 
CNL3G2b 12/3/2020 4.67 11/30/2020 2/24/2021 1/9/2021 
CMUL1G2b 12/3/2020 10.9 11/30/2020 2/24/2021 1/9/2021 
CMUL2G2b 12/3/2020 13.2 11/30/2020 2/24/2021 1/9/2021 
CMUL3G2b 12/3/2020 6.67 11/30/2020 2/24/2021 1/9/2021 
DNL1G1b 12/3/2020 3.2 11/30/2020 2/24/2021 1/9/2021 
DNL2G1b 12/3/2020 6.53 11/30/2020 2/24/2021 1/9/2021 
DNL3G1b 12/3/2020 4.29 11/30/2020 2/24/2021 1/9/2021 
DMUL1G1b 12/3/2020 0.72 11/30/2020 2/24/2021 1/9/2021 
DMUL2G1b 12/3/2020 0.463 11/30/2020 2/24/2021 1/9/2021 
DMUL3G1b 12/3/2020 1.07 11/30/2020 2/24/2021 1/9/2021 
CNA1G1bh,t 12/4/2020 0.733 12/2/2020 2/24/2021 1/9/2021 
CNA1G1ba 12/4/2020 0.5266 12/2/2020 2/24/2021 1/9/2021 
CNA2G1bh,t 12/4/2020 0.45 12/2/2020 2/24/2021 1/9/2021 
CNA2G1ba 12/4/2020 0.278 12/2/2020 2/24/2021 1/9/2021 
CNA3G1bh,t 12/4/2020 TLTC 12/2/2020 2/24/2021 1/9/2021 
CNA3G1ba 12/4/2020 0.169 12/2/2020 2/24/2021 1/9/2021 
CMUA1G1bh,t 12/4/2020 2.95 12/2/2020 2/24/2021 1/9/2021 
CMUA1G1ba 12/4/2020 0.66 12/2/2020 2/24/2021 1/9/2021 
CMUA2G1bh,t 12/4/2020 0.548 12/2/2020 2/24/2021 1/9/2021 
CMUA2G1ba 12/4/2020 0.471 12/2/2020 2/24/2021 1/9/2021 
CMUA3G1bh,t 12/4/2020 0.308 12/2/2020 2/24/2021 1/9/2021 
CMUA3G1ba 12/4/2020 0.573 12/2/2020 2/24/2021 1/9/2021 
CNA1G2bh,t 12/4/2020 0.461 12/4/2020 2/24/2021 1/9/2021 
CNA1G2ba 12/4/2020 0.3 12/4/2020 2/24/2021 1/9/2021 
CNA2G2bh,t 12/4/2020 0.315 12/4/2020 2/24/2021 1/9/2021 
CNA2G2ba 12/4/2020 0.107 12/4/2020 2/24/2021 1/9/2021 
CNA3G2bh,t 12/4/2020 0.377 12/4/2020 2/24/2021 1/9/2021 
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CNA3G2ba 12/4/2020 0.426 12/4/2020 2/24/2021 1/9/2021 
CMUA1G2bh,t 12/4/2020 0.613 12/4/2020 2/24/2021 1/9/2021 
CMUA1G2ba 12/4/2020 0.321 12/4/2020 2/24/2021 1/9/2021 
CMUA2G2bh,t 12/4/2020 0.0653 12/4/2020 2/24/2021 1/9/2021 
CMUA2G2ba 12/4/2020 0.058 12/4/2020 2/24/2021 1/9/2021 
CMUA3G2bh,t 12/4/2020 0.292 12/4/2020 2/24/2021 1/9/2021 
CMUA3G2ba 12/4/2020 0.827 12/4/2020 2/24/2021 1/9/2021 
DNA1G1bh,t 12/4/2020 0.605 12/4/2020 2/24/2021 1/9/2021 
DNA1G1ba 12/4/2020 0.177 12/4/2020 2/24/2021 1/9/2021 
DNA2G1bh,t 12/4/2020 0.413 12/4/2020 2/24/2021 1/9/2021 
DNA2G1ba 12/4/2020 0.213 12/4/2020 2/24/2021 1/9/2021 
DNA3G1bh,t 12/4/2020 0.4 12/4/2020 2/24/2021 1/9/2021 
DNA3G1ba 12/4/2020 0.058 12/4/2020 2/24/2021 
 
DMUA1G1bh,t 12/4/2020 0.658 12/4/2020 2/24/2021 1/9/2021 
DMUA1G1ba 12/4/2020 0.577 12/4/2020 2/24/2021 1/9/2021 
DMUA2G1bh,t 12/4/2020 0.369 12/4/2020 2/24/2021 1/9/2021 
DMUA2G1ba 12/4/2020 0.127 12/4/2020 2/24/2021 1/9/2021 
DMUA3G1bh,t 12/4/2020 0.499 12/4/2020 2/24/2021 
 
DMUA3G1ba 12/4/2020 TLTC 12/4/2020 2/24/2021 1/9/2021 
DNL1G1 12/24/2020 20.4 12/17/2020 2/24/2021 1/9/2021 
DNL2G1 12/24/2020 18.1 12/17/2020 2/24/2021 1/9/2021 
DNL3G1 12/24/2020 3.3 12/17/2020 2/24/2021 1/9/2021 
DMUL1G1 12/24/2020 7.6 12/17/2020 2/24/2021 1/9/2021 
DMUL2G1 12/24/2020 3.06 12/17/2020 2/24/2021 1/9/2021 
DMUL3G1 12/24/2020 14.7 12/17/2020 2/24/2021 1/9/2021 
DNP1G1 12/24/2020 4.06 12/17/2020 2/24/2021 1/9/2021 
DNP2G1 12/24/2020 13.3 12/17/2020 2/24/2021 1/9/2021 
DNP3G1 12/24/2020 11.1 17-Dec 2/24/2021 1/9/2021 
DMUP1G1 12/24/2020 6.31 12/17/2020 2/24/2021 1/9/2021 
DMUP2G1 12/24/2020 6.67 12/17/2020 2/24/2021 1/9/2021 
DMUP3G1 12/24/2020 10.9 12/17/2020 2/24/2021 1/9/2021 
DNA1G1 12/24/2020 3.8 12/18/2020 2/24/2021 1/9/2021 
DNA2G1 12/24/2020 3.24 12/18/2020 2/24/2021 1/9/2021 
DNA3G1 12/24/2020 4.28 12/18/2020 2/24/2021 1/9/2021 
DMUA1G1 12/24/2020 1.37 12/18/2020 2/24/2021 1/9/2021 
DMUA2G1 12/24/2020 1.62 12/18/2020 2/24/2021 1/9/2021 
DMUA3G1 12/24/2020 3.36 12/18/2020 2/24/2021 1/9/2021 
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CNL1G3 1/2/2021 5.83 12/14/2020 2/23/2021 1/9/2021 
CNL2G3 1/2/2021 8.47 12/14/2020 2/23/2021 1/9/2021 
CNL3G3 1/2/2021 18.5 12/14/2020 2/23/2021 1/9/2021 
CMUL1G3 1/2/2021 18.7 12/14/2020 2/23/2021 1/9/2021 
CMUL2G3 1/2/2021 5.21 12/14/2020 2/23/2021 1/9/2021 
CMUL3G3 1/2/2021 3.99 12/14/2020 2/23/2021 1/9/2021 
CNP1G3 1/2/2021 12.8 12/15/2020 2/23/2021 1/9/2021 
CNP2G3 1/2/2021 9.4 12/15/2020 2/23/2021 1/9/2021 
CNP3G3 1/2/2021 4.49 12/15/2020 2/23/2021 1/9/2021 
CMUP1G3 1/2/2021 11.9 12/15/2020 2/23/2021 1/9/2021 
CMUP2G3 1/2/2021 13.9 12/15/2020 2/23/2021 1/9/2021 
CMUP3G3 1/2/2021 12.3 12/15/2020 2/23/2021 1/9/2021 
CNA1G3 1/2/2021 3.36 12/18/2020 2/23/2021 1/9/2021 
CNA2G3 1/2/2021 3.47 12/18/2020 2/23/2021 1/9/2021 
CNA3G3 1/2/2021 3.88 12/18/2020 2/23/2021 1/9/2021 
CMUA1G3 1/2/2021 0.397 12/18/2020 2/23/2021 1/9/2021 
CMUA2G3 1/2/2021 1.52 12/18/2020 2/23/2021 1/9/2021 
CMUA3G3 1/2/2021 1.16 12/18/2020 2/23/2021 1/9/2021 
DNL1G2 1/4/2021 1.25 12/28/2021 2/23/2021 1/9/2021 
DNL2G2 1/4/2021 2.51 12/28/2021 2/23/2021 1/9/2021 
DNL3G2 1/4/2021 1.97 12/28/2021 2/23/2021 1/9/2021 
DMUL1G2 1/4/2021 1.37 12/28/2021 2/23/2021 1/9/2021 
DMUL2G2 1/4/2021 2.57 12/28/2021 2/23/2021 1/9/2021 
DMUL3G2 1/4/2021 4.36 12/28/2021 2/23/2021 1/9/2021 
DNP1G2 1/4/2021 4.31 12/30/2021 2/23/2021 1/9/2021 
DNP2G2 1/4/2021 10.7 12/30/2021 2/23/2021 1/9/2021 
DNP3G2 1/4/2021 9.73 12/30/2021 2/24/2021 1/9/2021 
DMUP1G2 1/4/2021 17 12/28/2021 2/24/2021 1/9/2021 
DMUP2G2 1/4/2021 10.8 12/28/2021 2/24/2021 1/9/2021 
DMUP3G2 1/4/2021 13 12/28/2021 2/24/2021 1/9/2021 
DNA1G2 1/4/2021 5.02 1/2/2021 2/24/2021 1/9/2021 
DNA2G2 1/4/2021 3.82 1/2/2021 2/24/2021 1/9/2021 
DNA3G2 1/4/2021 4.94 1/2/2021 2/24/2021 1/9/2021 
DMUA1G2 1/4/2021 3.95 12/31/2020 2/24/2021 1/9/2021 
DMUA2G2 1/4/2021 4.54 12/31/2020 2/24/2021 1/9/2021 
DMUA3G2 1/4/2021 3.61 12/31/2020 2/24/2021 1/9/2021 
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CNL2G3b 1/7/2021 8.87 12/14/2020 2/23/2021 
 
CNL3G3b 1/7/2021 5.23 12/14/2020 2/23/2021 1/9/2021 
CNA1G3bh,t 1/7/2021 3.85 12/18/2020 2/23/2021 1/9/2021 
CNA1G3ba 1/7/2021 1.93 12/18/2020 2/23/2021 1/9/2021 
CNA2G3bh,t 1/7/2021 2.67 12/18/2020 2/23/2021 1/9/2021 
CNA2G3ba 1/7/2021 0.286 12/18/2020 2/23/2021 1/9/2021 
CNA3G3bh,t 1/7/2021 2.83 12/18/2020 2/23/2021 1/9/2021 
CNA3G3ba 1/7/2021 0.315 12/18/2020 2/23/2021 1/9/2021 
CMUL1G3b 1/7/2021 3.45 12/14/2020 2/23/2021 1/9/2021 
CMUL2G3b 1/7/2021 1.33 12/14/2020 2/23/2021 1/9/2021 
CMUL3G3b 1/7/2021 1.55 12/14/2020 2/23/2021 1/9/2021 
CMUA1G3bh,t 1/7/2021 3.81 12/19/2020 2/23/2021 1/9/2021 
CMUA1G3ba 1/7/2021 3.31 12/19/2020 2/23/2021 1/9/2021 
CMUA2G3bh,t 1/7/2021 6.37 12/19/2020 2/23/2021 1/9/2021 
CMUA2G3ba 1/7/2021 1.09 12/19/2020 2/23/2021 1/9/2021 
CMUA3G3bh,t 1/7/2021 2.05 12/19/2020 2/23/2021 1/9/2021 
CMUA3G3ba 1/7/2021 0.601 12/19/2020 2/23/2021 1/9/2021 
DNL1G2b 1/8/2021 1.97 12/28/2020 2/23/2021 1/9/2021 
DNL2G2b 1/8/2021 0.913 12/28/2020 2/23/2021 1/9/2021 
DNL3G2b 1/8/2021 0.887 12/28/2020 2/23/2021 1/9/2021 
DNA1G2bh,t 1/8/2021 2.71 1/2/2021 2/23/2021 1/9/2021 
DNA1G2ba 1/8/2021 0.303 1/2/2021 2/23/2021 1/9/2021 
DNA2G2bh,t 1/8/2021 2.91 1/2/2021 2/23/2021 1/9/2021 
DNA2G2ba 1/8/2021 0.993 1/2/2021 2/23/2021 1/9/2021 
DNA3G2bh,t 1/8/2021 2.26 1/2/2021 2/23/2021 1/9/2021 
DNA3G2ba 1/8/2021 0.564 1/2/2021 2/23/2021 1/9/2021 
DMUL1G2b 1/8/2021 7.13 12/28/2020 2/23/2021 1/9/2021 
DMUL2G2b 1/8/2021 5.56 12/28/2020 2/23/2021 1/9/2021 
DMUL3G2b 1/8/2021 5.71 12/28/2020 2/23/2021 1/9/2021 
DMUA1G2bh,t 1/8/2021 1.33 12/31/2020 2/23/2021 1/9/2021 
DMUA1G2ba 1/8/2021 0.183 12/31/2020 2/23/2021 1/9/2021 
DMUA2G2bh,t 1/8/2021 1.74 12/31/2020 2/23/2021 1/9/2021 
DMUA2G2ba 1/8/2021 0.506 12/31/2020 2/23/2021 1/9/2021 
DMUA3G2bh,t 1/8/2021 1.49 12/31/2020 2/23/2021 1/9/2021 
DMUA3G2ba 1/8/2021 1.01 12/31/2020 2/23/2021 1/9/2021 
CNG2swab 1/18/2021 2.45 1/8/2021 2/24/2021 2/15/2021 
CMUG2swab 1/18/2021 TLTC 1/8/2021 2/24/2021 2/15/2021 
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CNG3swab 1/18/2021 0.807 1/8/2021 2/24/2021 2/15/2021 
CNG3LarvShedd 1/18/2021 0.117 1/8/2021 2/24/2021 2/15/2021 
CNG3H2O 1/18/2021 TLTC 1/8/2021 2/24/2021 2/15/2021 
CMUG3swab 1/18/2021 0.585 1/8/2021 2/24/2021 2/15/2021 
CMUG3LarvShed 1/18/2021 0.506 1/8/2021 2/24/2021 2/15/2021 
CMUG3H2O 1/18/2021 0.652 1/8/2021 2/24/2021 2/15/2021 
DNG1swab 1/18/2021 8 1/8/2021 2/24/2021 2/15/2021 
DMUG1swab 1/18/2021 2.72 1/8/2021 2/24/2021 2/15/2021 
DNG2swab 1/18/2021 3.11 1/18/2021 2/24/2021 2/15/2021 
DNG2LarvShed 1/18/2021 0.111 1/8/2021 2/24/2021 2/15/2021 
DNG2H2O 1/18/2021 0.0767 1/8/2021 2/24/2021 2/15/2021 
DMUG2swab 1/18/2021 0.84 1/18/2021 2/24/2021 2/15/2021 
DMUG2LarvShed 1/18/2021 0.066 1/8/2021 2/24/2021 2/15/2021 
DMUG2H2O 1/18/2021 0.0653 1/8/2021 2/24/2021 2/15/2021 
DNL1G3 2/6/2021 21.1 1/27/2021 2/26/2021 2/15/2021 
DNL2G3 2/6/2021 8.47 1/27/2021 2/26/2021 2/15/2021 
DNL3G3 2/6/2021 2.78 1/27/2021 2/26/2021 2/15/2021 
DMUL1G3 2/6/2021 3.08 2/1/2021 2/26/2021 2/15/2021 
DMUL2G3 2/6/2021 2.14 2/1/2021 2/26/2021 2/15/2021 
DMUL3G3 2/6/2021 14.9 2/1/2021 2/26/2021 2/15/2021 
DNP1G3 2/6/2021 16.1 1/27/2021 2/26/2021 2/15/2021 
DNP2G3 2/6/2021 22.5 1/27/2021 2/26/2021 2/15/2021 
DNP3G3 2/6/2021 21.3 1/27/2021 2/26/2021 2/15/2021 
DMUP1G3 2/6/2021 13.9 2/1/2021 2/26/2021 2/15/2021 
DMUP2G3 2/6/2021 23 2/1/2021 2/26/2021 2/15/2021 
DMUP3G3 2/6/2021 15.6 2/1/2021 2/26/2021 2/15/2021 
DNA1G3 2/6/2021 6.45 1/30/2021 2/26/2021 2/15/2021 
DNA2G3 2/6/2021 13.1 1/30/2021 2/26/2021 2/15/2021 
DNA3G3 2/6/2021 10.7 1/30/2021 2/26/2021 2/15/2021 
DMUA1G3 2/6/2021 19.1 2/5/2021 2/26/2021 2/15/2021 
DMUA2G3 2/6/2021 7.47 2/5/2021 2/26/2021 2/15/2021 
DMUA3G3 2/6/2021 5.92 2/5/2021 2/26/2021 2/15/2021 
DNL1G3b 2/11/2021 9.53 1/27/2021 2/26/2021 2/15/2021 
DNL2G3b 2/11/2021 4.37 1/27/2021 2/26/2021 2/15/2021 
DNL3G3b 2/11/2021 5.01 1/27/2021 2/26/2021 2/15/2021 
DNA1G3bh,t 2/11/2021 2.39 1/30/2021 2/26/2021 2/15/2021 
DNA1G3ba 2/11/2021 0.7 1/30/2021 2/26/2021 2/15/2021 
 
174 
Table B.1 (continued)  











DNA2G3bh,t 2/11/2021 2.51 1/30/2021 2/26/2021 2/15/2021 
DNA2G3ba 2/11/2021 0.9 1/30/2021 2/26/2021 2/15/2021 
DNA3G3bh,t 2/11/2021 1.41 1/30/2021 2/26/2021 2/15/2021 
DNA3G3ba 2/11/2021 0.933 1/30/2021 2/26/2021 2/15/2021 
DMUL1G3b 2/11/2021 1.91 2/1/2021 2/26/2021 2/15/2021 
DMUL2G3b 2/11/2021 3.36 2/1/2021 2/26/2021 2/15/2021 
DMUL3G3b 2/11/2021 2.01 2/1/2021 2/26/2021 2/15/2021 
DMUA1G3bh,t 2/11/2021 2.26 2/5/2021 2/26/2021 2/15/2021 
DMUA1G3ba 2/11/2021 0.7 2/5/2021 2/26/2021 2/15/2021 
DMUA2G3bh,t 2/11/2021 2.19 2/5/2021 2/26/2021 2/15/2021 
DMUA2G3ba 2/11/2021 0.68 2/5/2021 2/26/2021 2/15/2021 
DMUA3G3bh,t 2/11/2021 3.11 2/5/2021 2/26/2021 2/15/2021 
DMUA3G3ba 2/11/2021 1.07 2/5/2021 2/25/2021 2/15/2021 
DNG3 swab 2/12/2021 0.767 2/8/2021 2/25/2021 2/15/2021 
DNG3 larval 
shedding 
2/12/2021 0.089 2/8/2021 2/25/2021 2/15/2021 
DNG3 H2O 2/12/2021 0.262 2/8/2021 2/25/2021 2/15/2021 
DMUG3 swab 2/12/2021 0.132 2/8/2021 2/25/2021 2/15/2021 
DMUG3 larval 
shedding 
2/12/2021 0.177 2/8/2021 2/25/2021 2/15/2021 
DMUG3 H2O 2/12/2021 0.048 2/8/2021 2/25/2021 2/15/2021 
DNL1G3 2/19/2021 2.68 2/8/2021 2/26/2021 2/15/2021 
DNL2G3 2/19/2021 1.19 2/8/2021 2/26/2021 2/15/2021 
DNL3G 2/19/2021 4.55 2/8/2021 2/26/2021 2/15/2021 
DMUL1G3 2/19/2021 6.37 2/8/2021 2/26/2021 2/15/2021 
DMUL2G3 2/19/2021 3.47 2/8/2021 2/26/2021 2/15/2021 
DMUL3G3 2/19/2021 8.6 2/8/2021 2/26/2021 2/15/2021 
DNP1G3 2/19/2021 18.8 2/8/2021 2/26/2021 2/15/2021 
DNP2G3 2/19/2021 20.7 2/8/2021 2/26/2021 2/15/2021 
DNP3G3 2/19/2021 11.5 2/8/2021 2/26/2021 2/15/2021 
DMUP1G3 2/19/2021 12.1 2/8/2021 2/26/2021 2/15/2021 
DMUP2G3 2/19/2021 12.1 2/8/2021 2/26/2021 2/15/2021 
DMUP3G3 2/19/2021 14.3 2/8/2021 2/26/2021 2/15/2021 
DNA1G3 2/19/2021 6.31 2/8/2021 2/26/2021 2/15/2021 
DNA2G3 2/19/2021 2.14 2/8/2021 2/26/2021 2/15/2021 
DNA3G3 2/19/2021 2.93 2/8/2021 2/26/2021 2/15/2021 
DMUA1G3 2/19/2021 5.05 2/5/2021 2/26/2021 2/15/2021 
DMUA2G3 2/19/2021 6.6 2/5/2021 2/26/2021 2/15/2021 
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DMUA3G3 2/19/2021 3.79 2/5/2021 2/26/2021 2/15/2021 
Some DNA quantifications were too low to be detectable by Qubit technology, and their quantity 
is thus marked “TLTC”. One sample had a DNA quantification too high to be detectable by 
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Table C.1 qPCR spreadsheet for all samples used. 







10 pooled uninf A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
10 pooled uninf A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
10 pooled uninf A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
10 pooled uninf A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
10 pooled uninf A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
10 pooled uninf A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
10 pooled uninf A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
10 pooled uninf A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
10 pooled uninf A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
ANA1G1 A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
ANA2G1 A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
ANA3G1 A Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AN eggs A Control Eggs 2 Neg 0.00 0.00 0.00 0 0.00 
AN H2O A Control Environment 1 Neg 0.00 0.00 0.00 0 0.00 
ANL1G1 A Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
ANL2G1 A Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
ANL3G1 A Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
AN larvshed6.16 A Control LarvalCasing 1 Neg 0.00 0.00 0.00 0 0.00 
ANP1G1 A Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
ANP2G1 A Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
ANP3G1 A Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
AN 2gen pupcasi A Control PupalCasing 2 Neg 0.00 0.00 0.00 0 0.00 
AN pup cas 6.16 A Control PupalCasing 1 Neg 0.00 0.00 0.00 0 0.00 
uninf dead adul B Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
uninf dead adul B Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
uninf L4 1 B Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
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uninf L4 2 B Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
uninf L4 3 B Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
uninf L4 4 B Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
uninf pup 1 B Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
uninf pup 2 B Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
uninf pup 3 B Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
CNA1G1 C Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CNA2G1 C Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CNA3G1 C Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CNA1G1bh,t C Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CNA1G1ba C Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CNA2G1bh,t C Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CNA2G1ba C Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CNA3G1b,ht C Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CNA3G1ba C Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CNA1G2bh,t C Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CNA1G2ba C Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CNA2G2bh,t C Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CNA2G2ba C Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CNA3G2bh,t C Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CNA3G2ba C Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CNA1G3 C Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CNA2G3 C Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CNA3G3 C Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CNA1G3bh,t C Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CNA1G3ba C Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CNA2G3bh,t C Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
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CNA2G3ba C Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CNA3G3bh,t C Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CNA3G3ba C Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CNA1G2 C Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CNA2G2 C Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CNA3G2 C Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CNG1swab1 C Control Environment 1 Neg 0.00 0.00 0.00 0 0.00 
CNG1swab2 C Control Environment 1 Neg 0.00 0.00 0.00 0 0.00 
CNH2OG1 C Control Environment 1 Neg 0.00 0.00 0.00 0 0.00 
CNH2OG2 C Control Environment 2 Neg 0.00 0.00 0.00 0 0.00 
CNG2swab C Control Environment 2 Neg 0.00 0.00 0.00 0 0.00 
CNG3swab C Control Environment 3 Neg 0.00 0.00 0.00 0 0.00 
CNG3H2O C Control Environment 3 Neg 0.00 0.00 0.00 0 0.00 
CNL1G1 C Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
CNL2G1 C Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
CNL3G1 C Control Larval 1 Neg 0.00 0.00 0.00 1 0.00 
CNL1G1b C Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
CNL2G1b C Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
CNL3G1b C Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
CNL1G2b C Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CNL2G2b C Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CNL3G2b C Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CNL1G3 C Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CNL2G3 C Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CNL3G3 C Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CNL1G3b C Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CNL2G3b C Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
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CNL3G3b C Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CNL1G2 C Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CNL2G2 C Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CNL3G2 C Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CNlarvshedG1 C Control LarvalCasing 1 Neg 0.00 0.00 0.00 0 0.00 
CNlarvshedG2 C Control LarvalCasing 2 Neg 0.00 0.00 0.00 0 0.00 
CNG3larvshed C Control LarvalCasing 3 Neg 0.00 0.00 0.00 0 0.00 
CNP1G1 C Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
CNP2G1 C Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
CNP3G1 C Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
CNP1G3 C Control Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
CNP2G3 C Control Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
CNP3G3 C Control Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
CNP1G2 C Control Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
CNP2G2 C Control Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
CNP3G2 C Control Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
DNA1G1bh,t D Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DNA1G1ba D Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DNA2G1bh,t D Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DNA2G1ba D Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DNA3G1bh,t D Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DNA3G1ba D Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DNA1G1 D Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DNA2G1 D Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DNA3G1 D Control Adult 1 Neg 0.00 0.00 0.00 0 0.00 
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DNA1G2ba D Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DNA2G2bh,t D Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DNA2G2ba D Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DNA3G2bh,t D Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DNA3G2ba D Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DNA1G2 D Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DNA2G2 D Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DNA3G2 D Control Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DNA1G3 D Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DNA2G3 D Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DNA3G3 D Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DNA1G3bh,t D Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DNA1G3ba D Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DNA2G3bh,t D Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DNA2G3ba D Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DNA3G3bh,t D Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DNA3G3ba D Control Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DNH2OG1 D Control Environment 1 Neg 0.00 0.00 0.00 0 0.00 
DNG1swab D Control Environment 1 Neg 0.00 0.00 0.00 0 0.00 
DNG2swab D Control Environment 2 Neg 0.00 0.00 0.00 0 0.00 
DNG2H2O D Control Environment 2 Neg 0.00 0.00 0.00 1 0.00 
DNG3H2O D Control Environment 3 Neg 0.00 0.00 0.00 0 0.00 
DNG3swab D Control Environment 3 Neg 0.00 0.00 0.00 0 0.00 
DNL1G1b D Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
DNL2G1b D Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
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DNL1G1 D Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
DNL2G1 D Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
DNL3G1 D Control Larval 1 Neg 0.00 0.00 0.00 0 0.00 
DNL1G2b D Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DNL2G2b D Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DNL3G2b D Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DNL1G2 D Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DNL2G2 D Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DNL3G2 D Control Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DNL1G3 D Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DNL2G3 D Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DNL3G3 D Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DNL1G3b D Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DNL2G3b D Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DNL3G3b D Control Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DNlarvshedG1 D Control LarvalCasing 1 Neg 0.00 0.00 0.00 0 0.00 
DNG2larvshed D Control LarvalCasing 2 Neg 0.00 0.00 0.00 1 0.00 
DNG3larvshed D Control LarvalCasing 3 Neg 0.00 0.00 0.00 0 0.00 
DNP1G1 D Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
DNP2G1 D Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
DNP3G1 D Control Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
DNP1G2 D Control Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
DNP2G2 D Control Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
DNP3G2 D Control Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
DNP1G3 D Control Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
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DNP3G3 D Control Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
AMUADead A MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AMUADead A MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AMUADead A MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AMUADead A MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AMUADead A MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AMUADead A MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AMUADead A MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AMUA1G1 A MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AMUA2G1 A MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AMUA3G1 A MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
AMU eggs A MU Eggs 2 Neg 0.00 0.00 0.00 0 0.00 
AMU H2O A MU Environment 1 Neg 0.00 0.00 0.00 0 0.00 
AMUL1G1 A MU Larval 1 31.01035 702.06 23401.93 5850.48 1 5850.48 
AMUL2G1 A MU Larval 1 31.24522 519.88 17329.23 4332.31 1 4332.31 
AMUL3G1 A MU Larval 1 32.81599 198.58 6619.17 1654.79 1 1654.79 
AMUP1G1 A MU Pupae 1 34.07071 93.05 3101.78 775.44 1 775.44 
AMUP2G1 A MU Pupae 1 0 0.00 0.00 0.00 0 0.00 
AMUP3G1 A MU Pupae 1 0 0.00 0.00 0.00 0 0.00 
BMUADead B MU Adult 1 34.73222 35.11 1170.20 292.55 1 292.55 
BMUADead B MU Adult 1 Neg 28.90 963.42 240.85 1 240.85 
BMUADead B MU Adult 1 33.91 67.66 2255.44 563.86 1 563.86 
BMUADead B MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
BMUADead B MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
BMUADead B MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
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BMUADead B MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
BMUADead B MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
BMU 2gen eggs B MU Eggs 2 Neg 0.00 0.00 0.00 0 0.00 
BMUWater B MU Environment 1 Neg 0.00 0.00 0.00 0 0.00 
BMUA1G1 B MU Larval 1 Neg 0.00 0.00 0.00 0 0.00 
BMUL1G1 B MU Larval 1 28.05046 8779.02 292634.06 73158.51 1 73158.51 
BMUL2G1 B MU Larval 1 28.70374 5120.76 170691.97 42672.99 1 42672.99 
BMUL3G1 B MU Larval 1 28.17342 8308.60 276953.42 69238.35 1 69238.35 
BMULShedding B MU LarvalCasing 1 33.19 120.65 4021.62 1005.41 
 
1005.41 
BMULCasing B MU LarvalCasing 1 Neg 0.00 0.00 0.00 0 0.00 
BMUP1G1 B MU Pupae 1 34.54809 38.98 1299.43 324.86 1 324.86 
BMUP2G1 B MU Pupae 1 34.12561 55.50 1850.06 462.51 1 462.51 
BMUP3G1 B MU Pupae 1 34.44327 43.37 1445.53 361.38 1 361.38 
BMUPShedding B MU PupalCasing 1 34.48 41.18 1372.74 343.18 1 343.18 
CMUA1G1 C MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CMUA2G1 C MU Adult 1 30.77 239.43 7980.88 1995.22 1 1995.22 
CMUA3G1 C MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CMUA1G1bh,t C MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CMUA1G1ba C MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CMUA2G1bh,t C MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CMUA2G1ba C MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CMUA3G1bh,t C MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CMUA3G1ba C MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
CMUA1G2b,ht C MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CMUA1G2ba C MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
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CMUA2G2ba C MU Adult 2 33.52 55.33 1844.31 461.08 1 461.08 
CMUA3G2bh,t C MU Adult 2 33.95 40.66 1355.34 338.83 1 338.83 
CMUA3G2ba C MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CMUA1G3 C MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CMUA2G3 C MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CMUA3G3 C MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CMUA1G3bh,t C MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CMUA1G3ba C MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CMUA2G3bh,t C MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CMUA2G3ba C MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CMUA3G3bh,t C MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
CMUA3G3ba C MU Adult 3 36.33 24.32 810.62 202.66 1 202.66 
CMUA1G2 C MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CMUA2G2 C MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CMUA3G2 C MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
CMUG1swab1 C MU Environment 1 33.80 78.51 2617.13 654.28 1 654.28 
CMUG1swab2 C MU Environment 1 31.88 305.26 10175.24 2543.81 1 2543.81 
CMUH2OG1 C MU Environment 1 Neg 0.00 0.00 0.00 0 0.00 
CMUH2OG2 C MU Environment 2 Neg 0.00 0.00 0.00 0 0.00 
CMUG2swab C MU Environment 2 Neg 0.00 0.00 0.00 0 0.00 
CMUG3swab C MU Environment 3 Neg 0.00 0.00 0.00 0 0.00 
CMUG3H2O C MU Environment 3 Neg 0.00 0.00 0.00 0 0.00 
CMUL1G1 C MU Larval 1 24.50 15087.49 502916.18 125729.04 1 125729.04 
CMUL2G1 C MU Larval 1 25.66 6984.92 232830.69 58207.67 1 58207.67 
CMUL3G1 C MU Larval 1 24.67 13521.28 450709.45 112677.36 1 112677.36 
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CMUL2G1b C MU Larval 1 34.51 49.22 1640.80 410.20 1 410.20 
CMUL3G1b C MU Larval 1 Neg 0.00 0.00 0.00 0 0.00 
CMUL1G2b C MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CMUL2G2b C MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CMUL3G2b C MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CMUL1G3 C MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CMUL2G3 C MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CMUL3G3 C MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CMUL1G3b C MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CMUL2G3b C MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CMUL3G3b C MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
CMUL1G2 C MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CMUL2G2 C MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CMUL3G2 C MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
CMUlarvshedG1 C MU LarvalCasing 1 Neg 0.00 0.00 0.00 0 0.00 
CMUlarvshedG2 C MU LarvalCasing 2 Neg 0.00 0.00 0.00 0 0.00 
CMUG3larvshed C MU LarvalCasing 3 Neg 0.00 0.00 0.00 0 0.00 
CMUP1G1 C MU Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
CMUP2G1 C MU Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
CMUP3G1 C MU Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
CMUP1G3 C MU Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
CMUP2G3 C MU Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
CMUP3G3 C MU Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
CMUP1G2 C MU Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
CMUP2G2 C MU Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
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DMUA1G1bh,t D MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DMUA1G1ba D MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DMUA2G1bh,t D MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DMUA2G1ba D MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DMUA3G1bh,t D MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DMUA3G1ba D MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DMUA3G1ba D MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DMUA1G1 D MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DMUA2G1 D MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DMUA3G1 D MU Adult 1 Neg 0.00 0.00 0.00 0 0.00 
DMUA1G2bh,t D MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DMUA1G2ba D MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DMUA2G2bh,t D MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DMUA2G2ba D MU Adult 2 37.52 9.36 311.85 77.96 1 77.96 
DMUA3G2bh,t D MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DMUA3G2ba D MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DMUA1G2 D MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DMUA2G2 D MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DMUA3G2 D MU Adult 2 Neg 0.00 0.00 0.00 0 0.00 
DMUA1G3 D MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DMUA2G3 D MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DMUA3G3 D MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DMUA1G3bh,t D MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DMUA1G3ba D MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DMUA2G3bh,t D MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
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DMUA3G3bh,t D MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DMUA3G3ba D MU Adult 3 Neg 0.00 0.00 0.00 0 0.00 
DMUG1H2O D MU Environment 1 32.73 175.57 5852.44 1463.11 1 1463.11 
DMUG1swab D MU Environment 1 26.13 17872.87 595762.20 148940.55 1 148940.55 
DMUG2swab D MU Environment 2 Neg 0.00 0.00 0.00 0 0.00 
DMUG2H2O D MU Environment 2 Neg 0.00 0.00 0.00 0 0.00 
DMUG3H2O D MU Environment 3 Neg 0.00 0.00 0.00 0 0.00 
DMUG3swab D MU Environment 3 Neg 0.00 0.00 0.00 0 0.00 
DMUL1G1b D MU Larval 1 25.54 10030.90 334363.45 83590.86 1 83590.86 
DMUL2G1b D MU Larval 1 26.14 6719.50 223983.33 55995.83 1 55995.83 
DMUL3G1b D MU Larval 1 28.33 1566.28 52209.26 13052.31 1 13052.31 
DMUL1G1 D MU Larval 1 32.61 522.52 17417.29 4354.32 1 4354.32 
DMUL2G1 D MU Larval 1 31.36 1132.80 37760.06 9440.01 1 9440.01 
DMUL3G1 D MU Larval 1 28.57 6665.62 222187.31 55546.83 1 55546.83 
DMUL1G2b D MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DMUL2G2b D MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DMUL3G2b D MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DMUL1G2 D MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DMUL2G2 D MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DMUL3G2 D MU Larval 2 Neg 0.00 0.00 0.00 0 0.00 
DMUL1G3 D MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DMUL2G3 D MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DMUL3G3 D MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DMUL1G3b D MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DMUL2G3b D MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DMUL3G3b D MU Larval 3 Neg 0.00 0.00 0.00 0 0.00 
DMUlarvshedG1 D MU LarvalCasing 1 33.72 81.16 2705.28 676.32 1 676.32 
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DMUG2larvshed D MU LarvalCasing 2 37.69 10.72 357.28 89.32 1 89.32 
DMUG3larvshed D MU LarvalCasing 3 Neg 0.00 0.00 0.00 0 0.00 
DMUP1G1 D MU Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
DMUP2G1 D MU Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
DMUP3G1 D MU Pupae 1 Neg 0.00 0.00 0.00 0 0.00 
DMUP1G2 D MU Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
DMUP2G2 D MU Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
DMUP3G2 D MU Pupae 2 Neg 0.00 0.00 0.00 0 0.00 
DMUP1G3 D MU Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
DMUP2G3 D MU Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
DMUP3G3 D MU Pupae 3 Neg 0.00 0.00 0.00 0 0.00 
 
 For all samples according to sample ID, the following pieces of information are listed: trial (A, B, C, or D), treatment (control or MU) 
life stage (larvae, pupae, adult, larval casing, pupal casing, egg, or environmental), generation (1, 2, or 3), mean CT (negative for 
“N/A” or above 38, otherwise the mean CT is provided), mean ER copies per run, mean ER copies per sample, mean genomic units 



















Fluorescent portions were able to be found on many samples, but for a portion of samples, no 
fluorescence was found on the sample. In this case, the term written is “no data obtained”.  
 
 
Figure D.1 GFP micrograph from AMUL1G1.  
 
 





Figure D.3 GFP micrograph from AMUL3G1.  
 
   
Figure D.4 GFP micrograph from AMUP1G1.  
 
No data obtained from AMUP2G1 or AMUP3G1.  






Figure D.5 GFP micrograph from AMUA2G1.  
No data obtained from AMUA3G1.  
 
 
Figure D.6 GFP micrograph from ANL1G1.  




Figure D.7 GFP micrograph from ANL3G1. 
 
 





Figure D.9 GFP micrograph from ANP2G1.  
 
 





Figure D.11 GFP micrograph from ANA1G1.  
 
 





Figure D.13 GFP micrograph from ANA3G1.  
 
 





Figure D.15 GFP micrograph from BMUL2G1. 
No data obtained for BMUL3G1. 
 
 
Figure D.16 GFP micrograph from BMUP1G1.  




Figure D.17 GFP micrograph from BMUA1G1. 
 
 
Figure D.18 GFP micrograph from BMUA2G1. 
No data obtained for BMUA3G1. 




Figure D.19 GFP micrograph from BNL3G1. 
No data obtained from BNP1G1. 
 
 




Figure D.21 GFP micrograph from BNP3G1. 
No data obtained from BNA1G1, BNA2G1, or BNA3G1.  
 
 




Figure D.23 GFP micrograph from CMUL2G1.  
  
  






Figure D.25 GFP micrograph from CMUP1G1. 
 
  
Figure D.26 GFP micrograph from CMUP2G1. 
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Figure 21c. GFP micrograph from CMUP3G1. 
No data obtained for CMUA1G1 or CMUA2G1.  
 
 
Figure D.27 GFP micrograph from CMUA3G1.  




Figure D.28 GFP micrograph from CNL2G1. 
No data obtained for CNL3G1.  
 
 
Figure D.29 GFP micrograph from CNP1G1. 




Figure D.30 GFP micrograph from CNP3G1.  
No data obtained for CNA1G1.  
 
 
Figure D.31 GFP micrograph from CNA2G1. 




Figure D.32 GFP micrograph from CMUL1G2. 
No data obtained for CMUL2G2 or CMUL3G2.  
No data obtained for CMUP1G2, CMUP2G2, or CMUP3G2.  
No data obtained for CMUA1G2 or CMUA2G2.  
 
 
Figure D.33 GFP micrograph from CMUA3G2. 





Figure D.34 GFP micrograph from CNL2G2.  
No data obtained for CNL3G2.  
No data obtained for CNP1G2 or CNP2G2.  
 
 





Figure D.36 GFP micrograph from CNA1G2.  
 
 





Figure D.38 GFP micrograph from CNA3G2. 
 
  





Figure D.40 GFP micrograph from CMUL2G3. 
 
  




Figure D.42 GFP micrograph from CMUP1G3.  
 
 




Figure D.44 GFP micrograph from CMUP3G3.  
 





Figure D.46 GFP micrograph from CMUA2G3.  
 
 





Figure D.48 GFP micrograph from CNL1G3.  
No data obtained for CNL2G3. 
 
Figure D.49 GFP micrograph from CNL3G3.  




Figure D.50 GFP micrograph from CNP2G3.  
No data obtained for CNP2G3.  
 
  




Figure D.52 GFP micrograph from CNA2G3.  
 
 
Figure D.53 GFP micrograph from CNA3G3.  
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Figure D.60 GFP micrograph from DMUA1G1. 
 
   




   
Figure D.62 GFP micrograph from DMUA3G1. 
 
  





Figure D.64 GFP micrograph from DNL2G1.  
 
  





Figure D.66 GFP micrograph from DNP1G1. 
 
 





Figure D.68 GFP micrograph from DNP3G1. 
 
 




Figure D.70 GFP micrograph from DNA2G1. 
No data obtained for DNA3G1.  
 
  




Figure D.72 GFP micrograph from DMUL2G2.  
No data obtained for DMUL3G2.  
 
 




Figure D.74 GFP micrograph from DMUP2G2.  
No data obtained for DMUP3G2.  
 
 




Figure D.76 GFP micrograph from DMUA2G2.  
 
 




Figure D.78 GFP micrograph from DNL1G2.  
 
 




Figure D.80 GFP micrograph from DNL3G2.  
No data obtained for DNP1G2.  
 
 
Figure D.81 GFP micrograph from DNP2G2.  




Figure D.82 GFP micrograph from DNA1G2.  
No data obtained for DNA2G2.  
 
 





Figure D.84 GFP micrograph from DMUL1G3. 






Figure D.85 GFP micrograph from DMUL3G3.  






Figure D.86 GFP micrograph from DMUP2G3.  
 
 
Figure D.87 GFP micrograph from DMUP3G3. 












Figure D.89 GFP micrograph from DMUA3G3.  





Figure D.90 GFP micrograph from DNL2G3.  








Figure D.91 GFP micrograph from DNP1G3.  



















Figure D.94 GFP micrograph from DNA2G3 




















Figure E.1 Imaged gel electrophoresis of DNA amplification 
Sample IDs are directly above their amplified bands. DNA was amplified with 16S V4 primers 
following protocols discussed in 2.6.8. Bands present for the following sample IDs: Uninf 
female, uninf dead 2, uninf dead 3, ANL2G1, ANL3G1, ANP1G1, ANP2G1, ANP3G1, 
AMUL1G1, AMUL2G1, AMUL3G1. AMUP1G1, AMUP3G1. ANA1G1, ANA2G1, ANA3G1, 
AMUA2G1, ANdeadG1, ANdeadG1, AMUAdeadG1, BMUA1G1, BMUL1G1, BMUL2G1, 




Figure E.2 Imaged gel electrophoresis of DNA amplification 
Sample IDs are directly above their amplified bands. DNA was amplified with 16S V4 primers 
following protocols discussed in 2.6.8. Bands present for the following sample IDs: CMUL1G1, 
CMUL2G1, CMUL3G1, CNL1G1, CNL2G1, CNL3G1, CMUP1G1, CMUP2G1, CMUP3G1, 
CNP1G1, CNP2G1, CNP3G1, CMUA1G1, CMUA2G1, CMUA3G1, CNA1G1, CNA2G1, 
CNA3G1, CNL1G2, CNL2G2, CNL3G2, CMUL1G2, CMUL2G2, CMUL3G2, CNP1G2, 
CNP2G2, CNP3G2, CMUP1G2, CMUP2G2, CMUP3G2, CNA1G2, CNA2G2, CNA3G2, 






Figure E.3 Imaged gel electrophoresis of DNA amplification 
Sample IDs are directly above their amplified bands. DNA was amplified with 16S V4 primers 
following protocols discussed in 2.6.8. Bands present for the following sample IDs: CNL1G1b, 
CNL2G1b, CNL3G1b, CMUL1G1b, CMUL2G1b, CMUL3G1b, CNL1G2b, CNL2G2b, 
CNL3G2b, CMUL1G2b, CMUL2G2b, CMUL3G2b, DNL1G1b, DNL2G1b, DNL3G1b, 




Figure E.4 Imaged gel electrophoresis of DNA amplification 
Sample IDs are directly above their amplified bands. DNA was amplified with 16S V4 primers 
following protocols discussed in 2.6.8. Bands are present for the following sample IDs: 
CNA1g1bh,t, CNA1G1ba, CNA2G1bh,t, CNA2G1ba, CNA3G1bh,t, CNA3G1ba, 
CMUA1G1bh,t, CMUA1G1ba, CMUA2G1bh,t, CMUA2G1ba, CMUA3G1bh,t, CMUA3G1ba, 
CNA1G2bh,t, CNA1G2ba, CNA2G2bh,t, CNA2G2ba, CNA3G2bh,t, CNA3G2ba, 
CMUA1G2bh,t, CMUA1G1ba, CMUA2G2bh,t, CMUA2G2ba, CMUA3G2bh,t, CMUA3G2ba, 
DNA1G1bh,t, DNA1G1ba, DNA2G1bh,t, DNA2G1ba, DNA3G1bh,t,  DMUA1G1bh,t, 




Figure E.5 Imaged gel electrophoresis of DNA amplification 
Sample IDs are directly above their amplified bands. DNA was amplified with 16S V4 primers 
following protocols discussed in 2.6.8. The following sample IDs had bands present: DNL1G1, 
DNL2G1, DNL3G1, DMUL1G1, DMUL2G1, DMUL3G1, DNP1G1, DNP2G1, DNP3G1, 





Figure E.6 Imaged gel electrophoresis of DNA amplification 
Sample IDs are directly above their amplified bands. DNA was amplified with 16S V4 primers 
following protocols discussed in 2.6.8. There are bands present for the following sample IDs: 
CNL1G3, CNL2G3, CNL3G3, CMUL1G3. CMUL2G3, CMUL3G3, CNP1G3, CNP2G3, 





Figure E.7 Imaged gel electrophoresis of DNA amplification 
Sample IDs are directly above their amplified bands. DNA was amplified with 16S V4 primers 
following protocols discussed in 2.6.8. There are bands present for the following sample IDs: 
DNL1G2, DNL2G2, DNL3G2, DMUL1G2, DMUL2G2, DMUL3G2, DNP1G2, DNP2G2, 





Figure E.8 Imaged gel electrophoresis of DNA amplification 
Sample IDs are directly above their amplified bands. DNA was amplified with 16S V4 primers 
following protocols discussed in 2.6.8. There are bands present for the following sample IDs: 
HumSwab1, HumSwaba2, CMUG1swab1, CMUG1swab2, CNG1swab1, CNG1swab2, 
CMUG1water, CMUG1larvshed, CMUG2water, CMUG2larvshed, CNG1water, CNG1larvshed, 




Figure E.9 Imaged gel electrophoresis of DNA amplification 
Sample IDs are directly above their amplified bands. DNA was amplified with 16S V4 primers 
following protocols discussed in 2.6.8. The following samples have a band present: CNL3G3b, 
CNA1G3bh,t, CNA1G3ba, CNA2G3bh,t, CNA2G3ba, CNA3G3bh,t, CNA3G3ba, CMUL1G3b, 
CMUL2G3b, CMUL3G3b, CMUA1G3bh,t, CMUA1G3ba, CMUA2G3bh,t, CMUA2G3ba, 
CMUA3G3bh,t, CMUA3G3ba 
  
